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^ This  report  presents  the  results  of  IDA's  study  and  analysis  of  the  beacon 
collision  avolJance  system  (BCAS)  design  proposed  by  The  MITRE  Co:poration.  This 
system,  referred  to  herein  as  MCAS,  is  an  active  collision  avoldar.ee  system  which 
makes  use  of  air  traffic  control  radar  beacon  system  (ATCRBS)  transponders  already 
possessed  by  a large  fraction  of  the  flying  aircraft  population.  It  Is  also  com- 
patible with  the  discrete  address  beacon  system  (DABS)  in  anticipation  of  that 
system's  eventual  adoption  In  place  of  ATCUBS. 

MCAS  derives  the  same  economic  benefits  accruing  to  any  BCAS  by  virtue  of  r>-- 
lylng  on  the  use  of  ATCRBS  transponders  already  installed  In  many  aircraft.  However 
because  the  system  is  active,  Its  design  must  assume,  in  principle,  that  airborne 
MCAS  Interrogator  equipment  will  be  limited  to  about  ten  percent  of  the  flying  popu- 
lation In  order  to  avoid  excessive  garble  for  Its  own  purposes  and  Interference  with 
regular  ATCRRC  ground  stations. 


MCAS  uses  essenrlally  the  same  threat  logic  for  encounters  between  MCAS-equipped 
aircraft  which  was  reconmended  by  ANTC-117  and  its  performance  will  therefore  suffer 
the  same  deficiencies  resulting  from  the  use  of  that  logic  as  predicted  in  prevlou.s 
IDA  studies.  These  deficiencies  are  a high  natural  alarm  rate  due  to  a lack  of 
tain  parameter  data,  such  as  bearing  rate  and  relative  acceleration,  and/or  les.-  tnan 
safe  alarm  criteria  resultlrig  from  trade-offs  intended  to  reduce  the  alarm  rate.  I-or 
encounters  wi?h  AT'^FBS  transponder  equipped  aircraft,  "ITRE  has  designed  a special, 
so-called  remitter  logic,  which  has  similar  deficiencies,  g- — 


Because  it  is  a.  ’ive,  MCAS  tends  to  be  particularly  sc'nyitlve  to  high  traffl.' 
densities  which  generate  excessive  amounts  of  garble  for  the  system.  It  Is  ip; ar  ut 
in  fact,  that  even  with  the  irost  optimistic  projection  for  the  effectiveness  of  pr  - 
posed  garble  suppre.cTlon  techniques,  MCAS  cannot  operate  successfully  In  traffl'  den- 
r-ltles  as  high  as  half  that  projected  by  the  Federal  Aviation  Administration  for  the 
Los  Angeles  Basin  in  1982. 


17.  Key  Words 


18.  Distribution  Stotomont 


Collision  Avoidance,  BCAS 
(Beacon  Collision  Avoidance  System) 
“litre  CAS,  Litchford  CAS,  Proba- 
Dlllty  of  Alarm,  Probability  of 
bracking,  passive  CAS,  Interfer- 


Document  is  available  to  the  U.S.  public 
through  the  National  Technical  Information 
Service,  Springfield,  Virginia  22161. 


UNCLASSIFIED 


Rgproduction  of  complotod  pogo  outherited 


^5/0  y 


20.  Socurity  Clottif.  (of  this  pogo) 

21*  No.  of  Pogos 

UNCLASSIFIED 

209 

METRIC  CONVERSION  FACTORS 


*1  tn  * 234  i*x*cffvK  For  other  txact  coAv«rsKH>s  and  mocr  detai <ed 
Unit*  of  W«i9l>s  and  Maeiurps,  Price  $2.2S.  SO  Catalog  No-  Cl  3. >0:286. 


In  this  report,  the  evaluation  of  the  MITRE  EGAS  has  been 
based  on  the  criteria  and  specifications,  in: ofar  as  they  are 
' ■ applicable,  of  ANTC-117.  No“direct  conclusion  about  the  effi- 

cacy of  the  CAS,  as  such,  should  be  drawn  from  the  fact  that 
the  system  evaluated  herein  conforms  to  the  requirements  set 
down  by  that  document.  In  IDA  Study  S-450  (FAA  Report  No.  FAA- 
RD-75-72),  an  evaluation  of  ANTC-117 j itself,  was  made.  The 
results  of  that  study  indicate  that  ANTC-117  requirements  do 
not  guarantee  the  safe  avoidance  of  collision  between  encounter- 
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INTRODUCTION 


In  view  of  the  present  and  projected  state-of-the-art  of 
radar.  Infrared,  and  optical  sensors,  an  airborne  mld-alr  col- 
lision avoidance  system  (CAS)  design  concept,  in  which  a pro- 
tected aircraft  is  able  to  detect  all  Intruder  aircraft  within 
its  hazard  volume,  is  economically  feasible  only  if  it  is  as- 
sumed that  the  intruders  will  cooperate  actively  in  the  process. 
In  previous  studies  IDA  has  analyzed  four  CAS  of  the  cooperative 
airborne  type. 

These  systems  have  been  designed,  reduced  to  hardware,  and 
tested.  The  test  results  were  in  general  agreement  with  the 
analyses  presented  by  the  studies,  which  concluded  that  any  of 
the  systems  would  perform  adequately  in  accordance  with  ANTC- 
117  (Ref.  1)  standards  in  a dense  traffic  environment  such  as 
that  projected  by  the  PAA  for  Los  Angeles  in  1982  (Ref.  2). 

However,  all  of  these  systems  present  a problem  which 
Jeopardizes  their  acceptance  by  the  aviation  community.  Each 
requires,  in  principle,  that  the  entire  flying  aircraft  fleet 
be  equipped  with  devices,  the  primary  purpose  of  which  is  to 
provide  the  cooperation  demanded  by  a CAS.  It  appears  likely 
that  much  of  the  general  aviation  part  of  the  fleet,  at  least, 
would  regard  this  as  an  unreasonable  economic  burden. 

Consequently,  the  PAA  has  adopted  the  philosophy  that  an 
acceptable  CAS  must  use  existing,  already-installed  equipment 
to  provide  the  necessary  cooperation  and  is,  in  fact,  consider- 
ing for  this  function  the  airborne  transponders  of  the  exist- 
ing air  traffic  control  radar  beacon  system  (ATCRBS).  Such  a 
beacon  CAS  (BCAS)  would  be  able  to  protect  an  aircraft  even 
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against  intruders  not  equipped  with  the  BCAS,  Itself,  as  long 
as  they  were  equipped  with  ATCRBS  transponders. 

Because  of  possible  interference  with  the  ATCRBS,  the  PAA 
plans  to  restrict  the  Installation  of  the  CAS,  if  adopted,  to 
few  classes  of  users,  such  as  air  carriers,  and  may  make  its 
use  optional  even  within  those  restricted  classes.  However,  if 
a BCAS  which  Is  based  on  ATCRBS  but  does  not  interfere  with  it 
can  be  designed,  then  its  use  could  he  made  optional  for  all 
potential  users. 

Development  has  begun  on  two  BCAS  design  concepts  based 
on  the  use  of  cooperative  ATCRBS  transponders,  one  by  Litchford 
Associates  and  the  other  by  The  MITRE  Corporation.  Of  partic- 
ular advantage  to  either  is  the  fact  that  as  many  as  half  of 
the  present  flying  aircraft  population  are  believed  to  be  equip- 
ped with  appropriate  ATCRBS  transponders  already.  Moreover, 
the  fraction  of  transponder-equipped  aircraft  is  expected  to 
grow,  thereby  increasing  automatically  the  protection  coverage 
which  such  a CAS  would  afford  its  users  in  the  future.  It  is 
clear,  of  course,  that  such  CAS  provide  protection  against  only 
those  aircraft  that  have  suitable  ATCRBS  transponders.  IDA, 
under  contract  to  the  PAA,  has  completed  studies  of  both  of 
these  beacon-type  CAS,  known  collectively  as  BCAS.  This  report 
summarizes  the  analysis  performed  on  the  MITRE  version  known 
herein  as  MCAS.  A companion  report  contains  a similar  summary 
of  the  Litchford  version,  referred  to  as  LCAS. 

The  LCAS  operation  is  primarily  passive,  deriving  its 
basic  data  from  aircraft  transponder  replies  to  interrogations 
by  the  ground-based  ATCRBS  secondary  surveillance  radars  (SSR). 
LCAS  processes  such  data  to  obtain  the  altitude,  range  and 
bearing  of  the  intruder  aircraft  whose  ATCRBS  transponder 
generated  those  replies. 

The  MCAS  operates  entirely  in  an  active  mode,  however, 
and  does  its  own  interrogating,  eliciting  replies  in  the 
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standard  ATCRBS  format  from  the  ■airborne  transponders.  MCAS 
obtains  range  and  altitude,  but  not  bearing,  information  about 
an  aircraft  intruder. 

Since  LCAS  and  MCAS  are  compatible  with  the  ATCRBS,  they  are 
subject,  although  to  a different  degree,  to  the  problems  inherent 
to  the  ATCRBS  equipment  characteristics  and  specifications,  e.g., 
both  BCAS  can  experience  severe  mutual  interference  (garble) 
between  overlapping  replies  from  different  transponders.  However, 
because  the  design  of  neither  BCAS  has  been  completely  specified 
at  this  time,  direct  comparisons  for  the  purpose  of  recommending 
a selection  between  them  is  premature. 

Since  MCAS  is  an  active  system  and  therefore  can  exercise 
some  control  over  communications,  it  attempts  to  reduce  the 
amount  of  garble  that  it  must  suffer  by  operating  with  a 
relatively  low  data  rate.  By  transmitting  one  interrogation 
per  sec  and  waiting  until  a minimum  of  30  complete  reply  signals 
have  been  received  before  an  intruder  is  recognized  as  a pos- 
sible threat,  it  attempts  to  minimize  its  own  contribution  to 
the  stimulation  of  garble  while  at  the  same  time  assuring  that 
an  adequate  amount  of  data  are  present  for  the  threat  evaluation. 
This  must  inevitably  result  in  an  extension  of  the  time  requir- 
ed for  recognition  of  a collision  hazard,  a problem  which  MITRE 
attempts  to  mitigate  by  continuous  tracking  of  every  intruder 
from  the  time  it  enters  the  MCAS  surveillance  volume  which  ex- 
tends to  a distance  of  20  nmi  from  the  MCAS. 

Generally,  MCAS  requires  that  an  alarm  be  generated  by  an 
ATCRBS  transponder-equipped  aircraft  at  least  30  seconds  prior 
to  a possible  collision.  Given  that  under  severe  garble  con- 
ditions MCAS  needs  at  least  30  seconds  to  establish  a track'  on 
which  it  can  estimate  the  parameters  for  threat  evaluation, 
i.e.  range,  range  rate,  altitude  and  altitude  rate,  the  initial 
four  sequential  target  replies  to  interrogation  that  are  needed 
to  acquire  a track  must  begin  at  least  60  seconds  before  a 
potential  collision.  Since  it  is  possible  that  acquisition  of 
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a track  on  a target  may  begin  with  less  than  60  seconds  to  go, 
e.g.,  because  the  target  has  Just  taken  off  from  an  airport  or 
has  Just  become  visible  due  to  prior  masking,  MITRE  has  pro- 
posed, but  has  not  as  yet  developed,  a scheme  for  establishing 
tracks  at  acquisition. 

The  scheme  requires  that  the  four  Initial  replies  be  gar- 
ble free.  Such  an  Idea  cannot  work  In  garble  conditions  In 
which  the  full  30  seconds  are  needed  to  establish  the  track, 
and  MITRE  has  not  as  yet  proposed  a solution  for  this  case. 
Therefore,  the  problem  has  not  been  addressed  further  In  this 
report . 

MCAS  obtains  the  range  of  an  Intruder  from  the  time  delay 
of  the  Intruder's  reply  to  Its  ATCRBS  Interrogation  requesting 
altitude.  MCAS  employs  ATCRBS  mode-C  Interrogations  which  all 
appropriate  transponders  recognize  as  requests  for  replies 
coded  to  give  the  Intruder's  barometric  altitude.  The  altitude 
Is  used  along  with  the  range  for  threat  evaluation. 

After  an  Intruder  track  has  been  established,  MCAS  uses 
threat  logic  similar  to,  but  not  Identical  with,  that  recom- 
mended In  ANTC-117  (Ref.  1)  for  evaluating  the  hazard  potential. 
This  logic  is  based  on  the  use  of  range  and  altitude  data  alone, 
since  bearing  Information  is  not  available  to  the  system.  It 
differs  In  certain  respects  from  that  of  ANTC-117  primarily 
because  the  latter  assumes  that  the  Intruder  is  also  CAS-equip- 
ped  and  will  detect  hazards  and  perform  complementary  avoidance 
maneuvers. 

MCAS  has  two  modes,  one  for  use  with  ATCRBS  transponders 
and  the  other  for  use  with  discrete  address  beacon  system 
(DABS)  transponders  which  are  now  being  developed.  When  the 
Intruder  is  equipped  with  MCAS,  or  with  a DABS  transponder,  a 
threat  logic  more  like  that  of  kNTC-117,  i.e.,  one  which  depends 
on  the  intruder's  awareness  of  the  threat.  Is  used.  This  Is 
possible  with  a DABS-equlpped  intruder  because  DABS  includes  a 
data  link  which  may  permit  the  MCAS  to  transmit  avoidance  In- 
structions to  the  intruder. 
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The  study  which  this  report  summarizes  has  addressed  four 
problem  areas  that  appear  to  have  the  greatest  potential  impact 
on  MCAS  performance  from  the  standpoint  of  system  design. 

These  areas,  which  are  all  primarily  a result  of  excessive  gar- 
ble, expected  in  regions  of  high  traffic  density,  are:  (1) 

warning  delays  seriously  affecting  the  system's  ability  to 
respond  to  a threat;  (2)  false  warnings;  (3)  loss  of  intruder 
tracks;  (^)  saturation  of  the  system's  intruder  tracking  capa- 
city. 

Chapter  II  of  this  report  provides  a brief  description  of 
ATCRBS,  emphasizing  those  features  that  are  most  pertinent  to 
the  MCAS  operation.  A copy  of  the  U.  S.  Standard  for  ATCRBS 
has  also  been  Included  in  this  report  and  appears  as  Appendix  A 

Chapter  III  contains  a brief  description  of  MCAS.  The 
emphasis  is  on  those  aspects  of  the  system  operation  and 
structure  which  affect  the  analysis  and  performance  evaluation 
presented  in  later  chapters.  Hardware  considerations  are, 
therefore,  not  addressed. 

Chapter  IV  discusses  quantitatively  the  factors  which 
affect  the  MCAS  performance.  The  most  Important  of  these  are 
garble  and  the  degarbling  techniques  that  have  been  proposed 
to  reduce  it. 

Chapter  V presents  an  analysis  of  warning  delay  probabil- 
ity. Chapter  VI  does  the  same  for  false  warnings,  saturation 
of  Intruder  tracking  capacity  and  the  loss  of  tracks,  all  of 
which  are  treated  essentially  as  by-products  of  a process  where 
in  false  tracks  tend  to  be  established. 

Technical  details  in  support  of  Chapters  IV,  V,  and  VI  are 
relegated  to  appendices  which  treat  in  greater  depth  Issues 
that  are  discussed  in  the  body  of  this  report. 

Chapter  VII  presents  a set  of  conclusions  concerning  MCAS 
performance . 
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II.  DESCRIPTION  OF  ATCRBS 


The  Air  Traffic  Control  Radar  Beacon  System  (ATCRBS)  is 
sometimes  referred  to  as  the  Secondary  Surveillance  Radar  (SSR) 
since  it  was  originally  Introduced  as  a supplement  to  the 
Primary  Surveillance  Radar  (PSR),  the  purpose  of  which  was  to 
provide  data  pertaining  to  the  location  and  movement  of  all 
aircraft  in  en  route  and  terminal  areas  for  the  benefit  of  Air 
Traffic  Control.  The  PSR  tracks  passive  targets,  i.e.,  unaided 
by  beacons,  while  the  SSR  obtains  tracking  data  by  interrogat- 
ing beacon  transponders  aboard  the  aircraft. 

The  ATCRBS  radar  employs  two  antennas  for  interrogating 
aircraft  with  pulse-coded  signals  within  a range  which  may  vary 
from  one  site  to  another  and  may  be  as  large  as  200  nmi  in  some 
locations.  One  of  the  antennas  is  highly  directional  and  trans- 
mits a signal  for  the  purpose  of  eliciting  replies  from  air- 
borne transponders.  The  other  is  omnidirectional  and  transmits 
a signal,  known  as  the  side-lobe  suppression  (SLS)  signal,  to 
provide  a reference  amplitude  which  can  be  used  to  suppress 
replies  that  might  be  stimulated  by  the  side  lobes  associated 
with  the  directional  beam.  Both  antennas  transmit  their  sig- 
nals, multiplexed  in  time,  at  a frequency  of  1030  MHz. 

The  directional  antenna  rotates  at  a rate  which  varies 
from  station  to  station.  A long-range  en  route  SSR  will 
generally  have  a slow  rotation  rate,  typically  0.1  rev/sec, 
while  a shorter  range  terminal  SSR  will  have  a faster  rate, 
typically  0.2  rev/sec. 

The  beamwidth  of  the  directional  antenna  is  specified  to 
be  of  the  order  of  3°,  although  for  a fast  rotating  beam  it 
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may  be  somewhat  larger.  The  actual  sector  over  which  a trans- 
ponder will  reply  to  the  directional  antenna  signals  Is  deter- 
mined by  their  amplitudes  relative  to  the  amplitudes  of  the 
SLS  signals.  It  is  specified,  however,  that  there  should  be  a 
minimum  of  ^4  to  8 replies  to  interrogations  per  main  beam 
passage  for  each  interrogation  mode,  of  which  there  are  two 
.types  interlaced  in  an  unspecified  periodic  pattern  (l.e.,  the 
pattern  may  vary  from  one  station  to  another).  It  is  also 
specified  that  aircraft  above  15,000  ft  must  be  able  to  trans- 
mit 1200  replies/sec  while  aircraft  below  15,000  ft  must  be 
able  to  transmit  1000  replles/sec  for  a 15-pulse  coded  reply 
and,  further,  that  the  maximum  interrogation  frequency  of  any 
SSR  shall  be  ^50  interrogations’  per  second. 

Three  pulses,  designated  in  the  sequential  order  of  their 
transmission  as  P^,  and  P^,  form  the  interrogation  signal. 

The  first,  P^,  is  transmitted  by  both  antennas.  The  second, 

P2,  is  the  control  pulse  transmitted  only  by  the  omnidirec- 
tional antenna  2 microsec  after  the  P^  pulse.*  The  third.  P^, 
is  transmitted  only  by  the  directional  antenna. 

The  maximum  power  in  the  main  beam  of  the  directional 
antenna  is  recommended  to  be  at  least  2^  dB  above  that  in  the 
strongest  side  lobe,  and  the  power  of  the  signal  transmitted 
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Originally  SSRs  had  only  the  directional  antenna  and  trans- 
mitted only  the  P^  and  P^  pulses,  but  as  the  number  of  SSRs 

and  transponders  Increased  the  system  encountered  severe  self 
Interference  (fruit)  problems  because  somie  transponders  were 
replying  to  side  lobes.  Subsequently  the  omnidirectional 
antenna  was  added  and  the  ?2  pulse  was  transmitted  by  this 
antenna  in  order  to  eliminate  such  unwanted  replies. 

Some  military  SSRs  still  transmit  only  the  P2  pulse  on 
the  omnidirectional  antenna;  however,  all  FAA  and  some  mili- 
tary SSRs  now  transmit  both  the  P^  and  ?2  pulses  on  the  omni 
SLS  antenna,  a procedure  referred  to  as  improved  side  lobe 
suppression  (ISLS).  At  present  if  an  SSR  has  ISLS  and  has 
its  directional  antenna  mounted  on  the  same  rotating  structure 
as  the  PSR,  with  its  outputs  integrated  in  a single  combined 
processor,  it  is  said  to  have  Integrated  ISLS  (IISLS  or  I^SLS). 


by  the  omnidirectional  antenna  is  supposed  to  be  at  least  9 dB 
(typically  17  dB)  below  the  main  beam  maximum.  Thus,  an  air- 
craft can  determine  whether  it  is  receiving  a main  beam  or  a 
side  lobe  signal  by  comparing  the  amplitudes  of  and  P^.  The 

transmission  of  P^  by  both  antennas  is  Intended  to  aid  in  dis- 
criminating against  interrogation  signals  which  are  multipath 
reflections  from  buildings  or  other  structures  rather  than 
direct  line  of  sight  transmissions.* 

The  time  interval  between  the  P^  and  P^  pulses  can  have 
any  of  six  discrete  lengths:  3,  5,  8,  17,  21,  or  25  microsec, 

and  it  is  used  as  a code  to  designate  any  of  six  corresponding 
modes  labeled  1,  2,  3/A  (usually  designated  simply  as  A),  B, 

C,  and  D.  Two  of  the  modes  are  relevant  to  Air  Traffic  Control 
(ATC)  and  the  CAS  application:  A,  which  requests  identifica- 

tion (ID),  and  C,  which  requests  altitude.  For  the  purpose  of 
this  report  all  other  modes  will  be  ignored.** 

Reply  signals  are  transmitted  at  a frequency  of  1090  MHz 
in  a format  consisting  of  two  framing  pulses,  designated  as 
and  F^,  spaced  20.3  microsec  apart  and  13  possible  pulses  in 
between  spaced  in  Increments  of  1.45  microsec.  The  pulse  at 
the  center  of  the  13  pulses  between  the  framing  pulses  is 
designated  as  X and  is  reserved  for  future  use.  The  other  12 
are  used  for  a 4096  character  code  to  provide  identity  after 
a mode  A interrogation.  Eleven  of  the  12  pulses  are  also  used 
to  provide  altitude  in  100-ft  Increments  after  a mode  C interro- 
gation. 


Cf.  previous  footnote. 

Some  old  transponders  still  in  use  provide  neither  coded 
ID  (mode  A)  nor  altitude  (mode  C)  replies.  Other  old  trans- 
ponders still  in  use  provide  only  64  possible  mode  A ID 
codes  and  no  altitude  data.  Most  transponders  now  in  use 
provide  4096  mode  A ID  codes  and  no  altitude  data.  All 
air  carriers  and  most  military  and  business  aircraft  use 
the  complete  4096  code  mode  A and  mode  C transponders. 

Under  some  circumstances  military  aircraft  might  not  reply 
to  mode  A or  mode  C interrogations.  Modes  1 and  2 are 
primarily  for  military  purposes  while  B and  D are  Intended 
for  international  use. 
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In  addition  to  the  12  regular  pulses  used  for  identifica- 
tion after  a mode  A interrogation,  a Special  Position  Interro- 
gation Pulse  (SPI)  may  be  transmitted  4.35  mlcrosec  after  the 
second  framing  pulse.  The  SPI  is  usually  transmitted  with 
manual  control  by  the  pilot  on  voice  communications  request  of 
Air  Traffic  Control  to  aid  in  Identifying  a particular  aircraft 
which  may  have  been  assigned  a general  rather  than  a specific 
identity  number  or  whenever  any  ambiguity  in  identifying  a 
return  occurs. 

The  altitude  replies  after  a mode  C interrogation  are 
encoded  on  8 of  the  13  Internal  reply  pulse  positions  in  a Gray 
code  providing  barometric  altitudes  in  500-ft  increments  from 
-1000  ft  to  127,000  ft.  The  500-ft  interval  is  then  decomposed 
into  100-ft  intervals  by  a second  Gray  code,  using  three  of  the 
remaining  five  internal  reply  pulse  positions.  Two  pulse 
positions,  the  X and  one  other,  are  not  used  in  coding  altitude. 

The  transmission  time  of  a reply  is  determined  by  the  range 
propagation  delay  of  a valid  P^  pulse,  i.e.,  one  from  a P^, 
p2,  P^  reply  sequence  for  which  the  relative  pulse  amplitudes 
are  in  a relationship  appropriate  to  a main  beam  transmission. 
Thus,  when  the  SSR  interrogator  receives  the  transponder  reply 
delayed  again  by  the  range  propagation  it  can  determine  the 
range  to  the  transponder  from  a measurement  of  the  total  time 
between  the  transmission  of  the  pulse  and  reception  of  the 
first  framing  pulse  in  the  reply  (which  it  recognizes  by  the 
20.3  mlcrosec  Interval  between  the  and  pulses)  after 
removing  the  fixed  calibrated  delays  of  the  transponder.  The 
SSR  also  estimates  the  azimuth  of  the  transponder  by  beam 
splitting  on  all  of  the  replies  that  have  the  same  range  delay. 

Each  SSR  in  a particular  region  transmits  a different 
interrogation  sequence  pattern  which  can  be  used  to  identify 
it.  The  interrogation  rate  of  any  SSR  is  required  to  differ 
from  that  of  any  other  by  at  least  5 interrogatlons/sec . In 
addition,  some  transmit  at  a fixed  message  repetition  interval 
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(PRI)  while  others  transmit  In  one  of  several  possible  staggered 
patterns.  One  of  the  latter  is  referred  to  as  Jittered  PRI 
since  it  uses  three  PRIs,  the  smallest  of  which  differs  from 
the  next  smallest  by  the  same  amount  as  that  one  differs  from 
the  largest.  In  the  other  staggered  patterns  the  periodic 
pulse  train  has  a cycle  of  interpulse  spaclngs  consisting  of 
as  many  as  seven  different  Intervals  in  successive  transmissions. 

Not  all  aircraft  are  presently  equipped  with  ATCRBS  trans- 
ponders nor  Is  it  expected  that  they  will  be  by  I985.  Of  the  air- 
craft which  are  so  equipped,  not  all  have  transponders  capable  of 
replying  in  mode  C,  transmitting  altitude  data,  nor  is  it  ex- 
pected that  all  transponders  will  have  such  capability  by  I985. 


III.  DESCRIPTION  OF  THE  MITRE  BCAS 


A.  GENERAL  CONCEPT 

The  MITRE  version  of  BCAS  (MCAS)  is  an  active  cooperative 
mid-air  collision  avoidance  system  which  makes  use  of  transpon- 
ders already  possessed  by  the  encountering  aircraft  as  part  of 
the  ATCRBS  (or  DABS).  The  MCAS  is  Independent  of  ground  instal- 
lations but  depends  upon  the  automatic  response  by  airborne 
transponders  to  coded  interrogations.  The  MCAS  operation  is 
active  in  that  MCAS  transmits  the  coded  interrogations  which 
stimulate  the  ATCRBS  or  DABS  transponder  replies.  Those  re- 
plies are  used  by  MCAS  for  range-tracking  intruder  aircraft 
equipped  with  appropriate  transponders. 

In  the  ATCRBS  mode  MCAS  interrogates  with  mode-C  signals, 
requesting  barometric  altitude.  Thus,  protection  is  afforded 
only  from  those  aircraft  which  possess  transponders  capable  of 
replying  o ATCRBS  mode-C  Interrogations  (or  to  DABS).  At 
present,  probably  as  much  as  half  of  the  usual  total  active 
air  traffic  at  any  given  time  is  equipped  with  transponders 
having  mode-C  capability.  FAA  regulations  require  that  all 
aircraft  utilizing  some  high  traffic  density,  controlled  air- 
ports and  all  aircraft  flying  above  12,500  ft  must  be  equipped 
with  transponders  having  mode-C  response  capability.  As  for 
MCAS,  Itself,  MITRE  postulates,  as  a necessary  requirement  im- 
posed by  system  design  considerations,  that  MCAS  will  be  re- 
stricted to  no  more  than  10  percent  of  the  flying  traffic  in  a 
high-density  terminal  area  such  as  Los  Angeles. 

Figure  1 is  a simplified  block  diagram  of  MCAS.  The 
system  has  been  designed  to  be  compatible  with  ATCRBS  and  DABS 
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transponders.  The  most  severe  garble  problem  exists  with  the 
ATCRBS  transponder  operation  and  most  of  the  attention  in  the 
MCAS  design  as  well  as  this  report  is  concerned  with  the  ATCRBS 
mode  of  operation.  However,  in  the  interest  of  providing  the 
reader  with  some  Information  on  the  DABS  mode  of  operation,  a 
minimum  description  of  that  mode  is  also  included  here. 

B.  THE  DABS  MODE 

The  MCAS  is  designed  to  include  a DABS  transponder  and 
Interrogator  as  an  essential  element.  DABS  transponders  in  an 
environment  in  which  they  are  being  interrogated  by  ground  DABS 
interrogators  will  be  transmitting  replies  that  are  encoded 
with  the  DABS  transponder  discrete  address,  i.e.  identity.  In 
addition,  in  order  to  accommodate  BCAS  needs,  the  DABS  transpon- 
der specification  has  been  modified  to  require  the  transponder 
to  generate  spontaneous  replies  at  a random  low  repetition 
rate  (about  1 Hz)  in  the  absence  of  valid  interrogations. 

These  random  replies  are  called  "squltter."  The  MCAS  receiver 
processes  such  DABS  transponder  messages  (squltter  and  those 
stimulated  by  all  interrogators)  and  stores  the  altitude  and 
identity  of  the  transponder.  Generally,  such  signals  from  all 
DABS  transponders  will  be  at  a sufficiently  low  duty  cycle  so 
that  garble  will  be  at  relatively  low  levels  and  the  MCAS  can 
receive  such  signals  reliably.  The  format  and  redundancy  of 
the  DABS  signals  have  been  designed  to  operate  simultaneously 
in  the  presence  of  ATCRBS  signals. 

After  the  signals  of  a DABS  transponder  have  been  stored 
in  the  track  file  and  tracked  in  altitude,  the  MCAS  will  inter- 
rogate the  specific  DABS  transponder  using  its  discrete  address 
Identity  code  if  it  appears  to  represent  a threat,  based  only 
on  altitude  data.  Simple  altitude  threat  criteria  are  used: 
either  the  transponder's  altitude  is  within  prescribed  limits, 
e.g.,  within  ±3,000  ft  of  the  MCAS  altitude,  or  the  transponder 
has  an  altitude  and  altitude  rate  such  that  it  is  predicted  to 
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reach  the  MCAS  altitude  within  a prescribed  time  lirr;lt,  e.g., 

60  seconds.  Prom  the  DABS  transponder  reply  to  an  MCAS  inter- 
rogation, the  range  of  the  transponder  can  be  determined.  If 
the  range  is  too  great  to  represent  a current  threat,  e.g., 
greater  than  10  nm? , then  subsequent  interrogations  will  pro- 
ceed at  a low  rate,  e.g.,  once  per  10  seconds  and  a range  track 
correlated  with  identity  and  altitude  data  will  begin  and  will 
be  stored  in  the  file.  As  the  encounter  proceeds,  if  the  trans- 
ponder range  decreases  or  the  track  appears  threatening,  the 
interrogation  rate  will  Increase. 

The  MCAS  will  use  the  full  AMTC-117  (Ref.  1)  logic  in 
evaluating  DABS  threats.  This  logic  depends  on  both  aircraft 
performing  complementary  vertical  escape  maneuvers.  Since  the 
DABS  transponder  includes  a data  link  and  display  for  other 
purposes,  the  MCAS  can  transmit  the  desired  maneuver  for  the 
transponder.  If  both  aircraft  are  MCAS-equipped  and  have  sepa- 
rately evaluated  the  threatening  condition,  the  appropriate 
maneuvers  for  each  are  determined  by  mutual  data  exchange  on 
the  data  link. 

C.  INTERROGATION  AND  REPLY  IN  THE  ATCRBS  MODE 

In  the  ATCRBS  mode  of  operation  each  MCAS  transmits  a 
programmed  group  of  mode-C  (altitude  request)  and  suppression 
interrogations  omnidirectionally  at  a rate  of  one  Hz.  The 
programmed  group  is  used  to  reduce  the  effects  of  garble  to  a 
level  that  is  acceptable  to  the  tracker  and  will  be  discussed 
more  fully  later.  For  simplicity  the  MCAS  will  be  described 
as  if  it  only  transmitted  mode-C  interrogations,  and  when  gar- 
ble reduction  techniques  are  discussed  the  use  of  suppression 
interrogations  will  be  explained. 

Each  mode-C  Interrogation  consists  of  a pair  of  0.8ys  dura- 
tion pulses  (designated  and  P^)  separated  by  Plus;  each 
suppression  interrogation  consists  of  a pair  of  0.8us  pulses 
(designated  P^  and  P^)  separated  by  2ys.  Any  ATCRBS  transponder 


16 


with  mode-C  capability  that  receives  a valid  mode-C  pulse  pair, 
replies  with  an  altitude  pulse-coded  message  that  is  transmitted 
3.0  ±0.5ys  after  receipt  of  the  pulse. 

The  reply  consists  of  two  framing  pulses  (P^  and  P^) 
separated  by  20.3us,  plus  a number  of  Internal  pulses  positioned 
in  accordance  with  the  ATCRBS  code  for  the  barometric  altitude 
of  the  transponder.  All  reply  pulse  shapes  are  identical,  within 
equipment  tolerances,  and  all  reply  pulse  widths  are  nominally 
0. 45ysec . 

Between  the  P^  and  pulses  there  is  space  for  thirteen 
pulses  with  an  interposition  spacing  of  1.45ys.  Any  pulse  de- 
tected at  a prescribed  pulse  position  is  decoded  as  a binary 
"one,"  while  the  absence  of  a pulse  is  decoded  as  a binary 
"zero."  The  complete  altitude  pulse  code  format  is  shown  in 
Fig.  2.  Only  eleven  of  the  thirteen  possible  pulse  positions 
are  used  for  the  altitude  code;  the  center  position  (designated 
X)  is  not  used  at  present,  but  is  reserved  for  future  use;  the 
thirteenth  position,  while  not  used  for  altitude  encoding,  is 
used  by  the  ATCRBS  for  identity  and  other  modes  that  are  not 
part  of  the  MCAS  concept  as  presently  planned. 

D.  REPLY  DETECTION 

The  two  reply  framing  pulses,  or  bracket  pulses,  are  de- 
tected by  a bracket  detector  (part  of  the  MCAS  ATCRBS  reply 
processor,  cf.  Fig.  1)  which  provides  a binary  "one"  output  for 
every  pulse  pair  whose  pulses  are  separated  by  20.3vsec.  Upon 
detection  of  such  a pulse  pair,  all  other  pulses  detected"at 
the  prescribed  altitude  pulse  positions  within  the  bracket  are 
converted  into  a binary  sequence.  This  altitude  code  pulse 
sequence,  together  with  its  bracket  pulses,  forms  the  basic 
reply  input  data  to  the  track  processor  or  tracker. 

Bracket  detection  is  accomplished  as  follows.  A reply 
waveform  which  is  Intercepted  by  the  MCAS  antenna  will  be  ampli- 
fied and  band-limited  in  the  receiver.  The  signal  is  then  fed 
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to  an  analog  detector  and  to  a digital  quantizer  where  It  is 
converted  to  a logic  format  (!  e.,  a "1"  or  "0")  for  use  by  the 
bracket  pulse  decoder.  A oi  k diagram  of  the  bracket  pulse 
decoder  Is  shown  In  Fig.  j.  The  bracket  pulses  of  a reply  wave- 
form are  separated  In  time  by  20.3ysec.  The  equipment  checks 
for  pulses  with  this  time  separation  by  comparing  the  quantized 
video  with  a delayed  replica  of  itself.  A l68-blt  shift  regis- 
ter Is  used  to  produce  the  desired  delay.  The  shift  register 
operates  at  a clock  rate  of  8.276  MHz  so  that  each  bit  corre- 
sponds to  a time  duration  or  a delay  of  121  nsec. 


The  input  and  output  of  the  shift  register  are  combined 
in  a 2-lnput  logical  "and."  This  circuit  produces  a logic  1 
output  only  when  the  two  Input  signals  are  both  logic  I's. 

The  quantized  video  input  signals  are  at  the  logic  1 level  when 
the  receiver's  MDS  threshold  is  exceeded,  so  that  the  operation 
of  the  2-lnput  "and"  checks  for  received  pulses  with  the  cor- 
rect time  separation. 

The  output  of  the  2-lnput  "and"  feeds  a 2-bit  shift  regis- 
ter and  one  input  of  a 3-lnput  "and."  The  2-bit  shift  register 
operates  at  the  same  clock  rate  as  the  l68-bit  shift  register 
discussed  above.  The  2-bit  shift  register  produces  two  out- 
puts which  are  a delayed  replica  of  the  input  signal.  The 
replica  which  is  delayed  by  121  nsec  (i.e.,  one  bit),  is  used 
as  the  second  input  to  the  3-lnput  "and",  and  the  replica  which 
is  delayed  by  242  nsec  feeds  an  inverting  input  to  the  3-lnput 
"and."  A logic  1 at  the  output  of  the  3-lnput  "and"  constitutes 
a bracket  pulse  detection  and  causes  the  range  counter  to  be 
read  and  the  presence  of  altitude  code  bits  to  be  checked. 
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A bracket  pulse  detection  occurs  when  a logic  0 appears 
at  the  inverting  input  and  a logic  1 at  the  two  non-inverting 
inputs  to  the  3-lnput  "and."  In  other  words,  the  data  stream 
output  from  the  2-lnput  "and"  must  consist  of  a logic  "0" 
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FIGURE  3.  Bracket  Pulse  Detection  Decoder 


followed  by  two  logic  I's.  Working  backwards  a logic  0 occurs 
at  the  output  of  the  2-input  "and"  if  either  the  delay  or  un- 
delayed quantized  video  is  at  a logic  0 level.  This  in  turn 
requires  that  the  received  signal  level  fall  below  the  receiv- 
er's MDS  threshold.  A bracket  pulse  detection  therefore  occurs 
only  if  the  received  signal  level  drops  below'  the  threshold 
Immediately  proceeding  one  or  both  of  the  received  reply  mes- 
sage bracket  pulses. 

E.  TRACKING 

1 . Track  Initiation 

Tracks  are  formed  by  processing  stored  reply  sequences 
from  four  successive  interrogations  at  1-sec  intervals.  The 
starting  points,  at  any  given  time,  are  two-second-old  replies. 
For  any  one  such  reply  (see  Pig.  4),  all  one-second-old  replies 
are  examined  whose  apparent  range  has  closed  by  0 to  1650  ft 
(a  maximum  closing  rate  of  977  knots)  from  the  two-second-old 
replies.  Figure  4 shows  two  such  one-second-old  replies  that 
satisfy  this  criterion  and  one  indicated  by  the  circle  that 
fails  the  test.  For  each  two-second-old  reply,  all  one-second- 
old  replies  are  tested.  Reply  pairs  formed  from  two-second- 
old  replies  and  associated  one-second  replies  meeting  the  clos- 
ing range  criterion  (any  one-second-old  reply  may  be  paired  off 
with  more  than  one  two-second-old  reply  and  vice  versa)  form  an 
initial  reply  pair  which  is  used  to  extrapolate  linearly  the 
apparent  range  one  second  earlier  and  one  second  later.  Gates 
0.98ysec  wide  are  set  at  the  extrapolated  range  position.  Any 
three-second-old  replies  found  within  the  earlier  gate  and  zero- 
second-old  replies  found  in  the  later  gate  are  associated  with 
the  initial  reply  pair  (formed  from  the  two-second  and  one-sec- 
ond-old replies)  as  possible  candidates  for  a track  initiation. 
This  process  is  repeated  once  every  second  so  that  any  given 
reply  could  appear  in  two  or  more  quadruplets  that  are  formed 
as  potential  track  initiations. 
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FIGURE  4.  Range  and  Time  of  Replies  Involved  in  Track 
Initiation 

(This  example  shows  two  1-sec  old  replies  satisfying 
the  closing  range  criterion  with  respect  to  one  2- 
sec  old  reply). 


The  binary  sequences  detected  within  each  of  the  four 
brackets  are  logically  "anded,"  and  if  the  result  is  a legiti- 
mate altitude  code,  then  a track  is  initiated.  Subsequent 
track  updates  are  obtained  from  received  replies  which  meet 
the  reply  acceptance  criteria  implemented  in  the  tracker  con- 
tinuation logic. 

2 . Track  Continuation 

After  track  acquisition,  data  must  be  collected  for  track 
continuation.  The  track  is  updated  if  and  only  if  three  con- 
ditions are  satisfied. 

First,  at  least  one  of  the  three  C-blts  in  the  altitude 
code  between  the  two  bracket  pulses  must  be  a "one."  The 
second  condition  is  an  altitude  correlation  test.  As  the  data 
are  collected  the  altitude  code  of  the  reply  message  (to  be 
referred  to  as  the  reply  code)  is  correlated  with  a predicted 
altitude  code  which  is  derived  from  previous  data.  Actually, 
three  codes  are  formed  for  use  in  the  correlation  process  to 
allow  for  small  changes  in  the  intruder's  altitude  between 
data  samples.  The  third  condition  requires  that  at  least  one 
"one"  in  the  three  C-bits  of  the  apparent  reply  altitude  code 
must  agree  with  at  least  one  "one"  of  the  C-bits  in  one  of  the 
three  predicted  altitude  codes. 

The  correlation  procedure  is  as  follows.  Based  on  pre- 
vious data,  the  predicted  altitude  of  the  intruder  is  computed. 
This  estimate  is  rounded  to  the  nearest  100  ft  and  a predicted 
altitude  code  z^,  is  formed.  Similarly,  the  altitude  codes 
for  Zp  -100  ft  and  + 100  ft  are  formed.  The  reply  code  is 
correlated  with  each  of  these  and  the  one  which  produces  the 
highest  correlation  value  is  labeled  the  "best."  The  correla- 
tion value,  C,  is  calculated  from  the  following  equation; 

C = CMAX  - 3M  - Q 

where  CMAX  is  a constant  currently  set  to  M is  the  total 


23 


number  of  garbled  l"s  in  the  reply  code  and  Q is  the  total 
number  of  dropped  l"s  in  the  reply  code.  Thus,  if  the  reply 
code  correlates  perfectly  with  the  predicted  code,  a correla- 
tion value  of  ^8  is  obtained.  If  there  is  less  than  perfect 
correlation,  penalties  are  assigned  both  for  I's  added  by  gar- 
ble and  for  I's  dropped  in  the  reply  code.  The  penalty  for  the 
former  is  three  tlme.s  greater  than  for  the  latter. 

The  "best"  code  is  used  to  update  the  altitude  track  f 
the  Intruder  provided  the  correlation  number  exceeds  some 
minimum  value.  The  minimum  value  is  expected  to  be  set  some- 
where between  36  and  44.  The  data  are  used  to  update  the  tracks 
only  if  the  correlation  between  the  "best"  code  and  the  reply 
code  exceeds  the  minimum  value.  If  none  of  the  reply  messages 
exceed  the  minimum  correlation  value  the  track  is  not  updated 
for  that  particular  epoch.  A track  does  not  have  tc  be  updated 
for  up  to  six  consecutive  epochs  before  it  is  dropped  from  the 
track  file. 

The  KITRE  BCAS  employs  a computer  algorithm  called  the 
a-S  tracker  to  maintain  range  tracks  after  acquisition.  On 
the  basis  of  range  measurem.ents  obtained  from  reply  signal  time 
delays,  the  a-6  tracker  estimates  range  and  range  rates  and 
predicts  these  for  the  subsequent  interrogation-reply  sequence. 
Tracker  Inputs  are  range  measurements  obtained  from  detected 
brackets  of  successive  replies.  The  tracker  equations  are  as 
follows : 


' n 
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where  r and  f are  estimated  range  and  range  rate  for  the 
n n 

nth  sample  after  the  range  measurement  r^  is  obtained;  r^^ 
and  r^^p  are  the  predicted  range  and  range  rate  for  the  nth 
sample  before  the  range  measurement  r^  is  obtained;  T is  the 
time  between  samples  (=  1 sec  for  MCAS);  a and  3 are  dimension- 
less tracker  parameters. 

An  initiated  and  closing  track*  will  be  continued  as  long 
as  the  number  of  accumulated  replies,  or  hits,  exceeds  a speci- 
fied minimum  which  is  a non-decreasing  function  of  the  number 
of  interrogations.  The  minimum  number  of  accumulated  replies 
is  given  as  a function  of  the  number  of  interrogations  by  Table 
1.  A track  which  has  been  maintained  for  30  Interrogations 
(4  for  initiation  plus  26  for  subsequent  track  extensions)  is 
declared  an  established  track. 

F.  THREAT  LOGIC 

An  alarm  will  be  generated  by  an  established  track  if  the 
projected  time  to  a potential  collision,  for  a BCAS-to-ATCRBS 
encounter,  is  approximately  30  sec  or  less.  The  logic  used 
for  an  alarm  is  a modified  form  of  that  given  in  ANTC-117 
(Ref.  1). 

ANTC-117  provides  a two-step  threat  algorithm;  the  first 
step,  defined  by  a so-called  modified  tau  condition,  results  in 
a warning  which  requires  both  encountering  aircraft  to  stop 
turning;  the  second,  defined  by  a modified  tau  condition  with 
different  parameters  than  the  first,  results  in  an  alarm  which 
requires  both  aircraft  to  perform  complementary  vertical  escape 

*The  ANTC-117  threat  logic  used  with  DABS  transponders  and 
BCAS-equipped  aircraft  allows  for  low  range-rate  opening  close- 
in  threats,  while  the  logic  for  the  ATCRBS  mode  excludes  open- 
ing tracks.  This  is  a possible  inconsistency  since  such 
threats  may  be  even  more  critically  dangerous  with  that  logic 
approach.  The  appropriateness  of  the  MITRE  logic  for  ATCRBS 
transponders  (non-responding  threats)  is  treated  in  IDA  paper 
P-1215,  published  concurrently  with  this  study. 
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TABLE  1.  MINIMUM  NUMBER  OF  ACCUMULATED  REPLIES,  L(n),  NEEDED 
TO  CONTINUE  TRACK  FOR  n INTERROGATIONS  AFTER  ACQUI- 
SITION 


maneuvers.  The  logic  of  ANTC-117  provides  relatively  safe 
alarm/warnings  for  encounters  between  two  CAS-equlpped  aircraft 
both  of  which  respond  to  the  commanded  maneuvers.  In  BCAS, 
MITRE  has  provided  for  the  use  of  a DABS  interrogator  to  fur- 
nish essentially  interference-free  communications  with  other 
BCAS-  or  DABS-equlpped  aircraft.  Once  an  aircraft  is  identi- 
fied as  having  BCAS  or  DABS  the  DABS  mode  of  interrogations  is 
used  along  with  the  alarm/warning  logic  of  ANTC-117 . 


For  the  case  of  intruding  aircraft  which  are  equipped 
only  with  ATCRBS  transponders,  which  do  not  receive  alarm/warn- 
ings and  which,  therefore,  will  not  Initiate  an  avoidance  maneu 
ver,  MITRE  has  provided  a so-called  "remitter"  logic  to  be 
used  when  only  one  (the  BCAS-equipped ) aircraft  is  expected  to 
perform  an  avoidance  maneuver.  The  threat  criterion  for  this 
logic  is  a single  modified  tau  condition: 

R s:  - tR  + R 

o 

in  which 


R = relative  range 

R = relative  range  rate  (negative  for  closing) 

R = constant  equal  to  1.0  nmi 
0 

T = constant  equal  to  30  sec 


The  form  of  this  "remitter"  logic  has  been  demonstrated 
to  be  proper  for  a CAS  that  can  measure  only  range  and  range 
rate,  but  the  selection  of  the  constants  is  not  proper  for 
complete  protection.  In  order  to  account  for  a possible  accel- 
eration of  l/2g  by  the  intruder,  not  to  mention  measurement 
errors,  R^  should  be  larger  than  one  nmi.  Also,  the  value  of 
T should  Include  an  allowance  for  the  maximum  warning  delay 
expected  as  well  as  the  pilot-aircraft  reaction  time  and  the 
time  needed  for  maneuvering  to  safety,  all  of  which  add  up  to 
somewhat  more  than  30  sec. 
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G.  DE6ARBLING  TECHNIQUES 


MITRE  plans  to  use  one  or  both  of  two  degarbllng  techniques 
in  MCAS  in  order  to  reduce  the  amount  of  Interference  (garble) 
of  a reply  signal  from  an  Intruder  by  replies  from  other  intru- 
ders. These  techniques  make  use  of  inadvertent  sensitivity 
and  suppression  recovery  time  variations  in  the  transponder 
population  to  selectively  Interrogate  transponders  within 
limited  sensitivity  and  suppression  recovery  intervals. 

One,  called  "whisper-shout,"  is  based  on  the  variation  of 
receiver  sensitivity  and  other  factors  which  limit  the  number 
of  transponders  affected  by  an  interrogation  at  a particular 
signal  strength.  An  interrogation  is  first  transmitted  at  a 
very  low  power  level.  Next,  a suppression  pulse  set  (P2>  ^2^ 
is  transmitted  at  the  same  power  level.  This  suppresses  all 
transponders  which  have  replied  to  the  first  transmission,  so 
that  a new  Interrogation  at  a higher  power  ievel  will  elicit 
replies  from  a new  group  of  aircraft.  Successive  repetition 
of  this  procedure  will  divide  the  aircraft  into  different 
reply  groups. 

The  whisper-shout  technique  is  supposed  to  use  four 
interrogation  subsets  based  on  four  different  MCAS  transmission 
power  levels.  As  originally  planned*,  the  four  power  levels 
were  5*3  watts,  19«3  watts,  89.9  watts  and  1000  watts. 

Another  technique  for  reducing  garble  that  has  been  sug- 
gested by  Lincoln  Laboratories  is  called  resuppression.  Lincoln 
Laboratories'  resuppression  scheme  is  similar  to  the  whisper- 
shout  in  that  a sequence  of  interleaved  suppression  interroga- 
tion pulse  pairs  and  mode-C  interrogation  pulse  pairs  are 
transmitted  by  BCAS.  The  separation  between  the  suppression 
pair  and  the  mode-C  pair  are  varied  to  selectively  interro- 
gate the  different  groups  of  transponders.  The  operation 

*Mlnor  changes  in  these  transmit  power  levels  have  recently 
been  made  and  the  new  values  are  discussed  in  Appendix  F. 
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depends  on  the  tolerances  that  exist  in  the  recovery  of  the 
transponders  to  a suppression  pair.  The  specification  on 
recovery  is  25-^5us.  Thus,  if  the  first  suppression  pair  and 
interrogation  pair  were  separated  by  30ys,  only  those  trans- 
ponders whose  recovery  times  were  less  than  30ys  would  respond 
to  the  following  mode-C  interrogation  pair.  For  the  second 
group,  two  suppression  pairs  separated  by  30ys  are  transmitted. 
These  two  suppression  pairs  effectively  suppress  the  first 
group  which  is  suppressed  by  each  of  the  suppressions.  The 
two  suppression  pairs  are  followed  by  a mode-C  Interrogation 
pair  after  a delay  of  about  5ys.  Only  those  transponders 
which  recover  after  the  first  pulse  of  the  second  suppression 
pair  and  before  the  first  pulse  of  the  mode-C  interrogation 
pair  reply  in  this  group. 

Subsequent  groups  are  similarly  stimulated  to  respond 
using  two  suppression  interrogation  pairs  followed  by  mode-C 
interrogation  pairs.  Thus  the  population  is  divided  into 
groups  by  virtue  of  the  recovery  times  following  a suppression 
interrogation  pair. 

Originally,  for  degarbllng  MITRE  proposed  using  a four- 
quadrant  sectored  top  antenna  and  an  omni  bottom  antenna  for 
MCAS  using  the  whisper-shout  technique.  In  high-density  envi- 
ronments an  MCAS  using  four  power  levels  would  transmit  a 
sequence  of  four  mode-C  interrogations  interleaved  with  three 
suppression  interrogations  in  each  quadrant  of  the  top  antenna 
and  one  sequence  for  the  bottom  antenna,  for  a total  of  20 
mode-C  interrogations  and  15  suppression  interrogations.  With 
the  sectored  antenna  it  was  assumed  that  garble  in  a given 
range  cell  could  be  suppressed  by  at  least  a factor  of  1/2  and 
that  the  four  power  levels  would  provide  an  additional  factor 
of  1/2  - 1/^,  for  an  effective  total  reduction  of  garble  in  a 
range  cell  of  1/4  - 1/8.  If  such  reductions  were  deemed  inade- 
quate for  high  density  traffic,  it  was  suggested  that  the  number 
of  power  levels  be  Increased.  Because  of  the  general  dissatis- 
faction with  the  garble  reduction  potential  of  the  sectored 
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antenna  and  the  perceived  difficulty  in  installation  of  such 
an  antenna,  it  has  been  abandoned  and  the  Lincoln  Laboi’atory 
resuppression  scheme  has  been  substituted. 

Although  the  practicality  of  these  garble  reduction 
techniques  still  remains  an  open  question,  some  informal 
projections*  suggest  that  the  transponder  population  might  be 
sequentially  Interrogated  in  16  nonoverlapping  groupings  (four 
whisper-shout  groupings  times  four  resuppression  groupings). 
Appendix  P casts  some  doubt  on  the  efficacy  of  such  techniques, 
as  presently  conceived,  to  overcome  predicted  garble  levels. 


*A  rough  draft  for  an  Engineering  Specification  for  EGAS. 
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IV.  FACTORS  WHICH  DEGRADE  MCAS 


A.  INTERROGATION  RATES 

In  the  worst  case  of  interference  and  transponder  blockage 
the  estimated  inability  of  a transponder  to  respond  to  an  inter- 
rogation waveform  should  be  that  for  an  aircraft  in  the  center 
of  the  1982  Los  Angeles  Traffic  Model.  In  making  this  estimate 
it  will  be  assumed  that  the  aircraft  is  equipped  with  an  ATCRBS 
transponder  having  a receiver  MDS  of  -71  dbm  and  an  idealized 
omnidirectional  antenna  with  0 dh  gain. 

Such  an  aircraft  will  respond  to  airborne  MCAS  interroga- 
tions within  3.2  nmi  during  the  first  whisper-shout  interroga- 
tion subset  (Cf.  Section  III-G)  and  will  be  suppressed  by  these 
interrogators  during  interrogation  subsets  two  through  four. 

The  aircraft  will  respond  to  airborne  MCAS  interrogators  located 
between  3-^  nmi  and  6.4  nmi  from  the  center  of  the  traffic 
model  during  interrogation  subset  two  and  will  be  suppressed 
by  these  aircraft  during  subsets  three  and  four.  The  aircraft 
will  receive  one  mode  C interrogation  and  one  SLS  waveform  from 
airborne  Interrogators  located  between  6.4  nmi  and  13.7  nmi 
from  the  center  of  the  traffic  model  and  will  receive  only  a 
mode  C interrogation  from  the  MCAS  aircraft  located  between 
13.7  nmi  and  46  nmi  from  the  center  of  the  traffic  model. 

Based  on  the  1982  Los  Angeles  traffic  model  and  assuming 
10  percent  of  the  aircraft  have  MCAS  transponders,  the  expected 
number  of  MCAS  Interrogators  in  each  of  the  above-mentioned 
range  intervals  is  2,  6,  13,  and  52,  respectively.  This  re- 
sults in  the  aircraft  at  the  center  of  the  traffic  model  re- 
ceiving, on  the  average,  73  mode  C interrogations  per  second 
and  31  SLS  waveforms  per  second. 
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The  ground-based  interrogation  rate  will  be  estimated 
here  by  assuming  that  there  are  20  SSRs  within  communication 
range  of  an  aircraft  at  the  center  of  the  Los  Angeles  Basin 
Traffic  model.  An  SSR  radar  has  an  interrogation  rate  of  about 
^00  pulses  per  second,  a main  beam  width  of  about  3-6°  (one  per- 
cent of  360°)  and  an  antenna  rotation  rate  of  about  once  every 
5 seconds.*  During  each  antenna  scan  the  radar  will  interro- 
gate an  aircraft  about  20  times  during  a single  rotation  or  at 
an  average  rate  of  4 per  second.  The  combined  rate  for  20  SSRs 
is  80  per  second. 

When* the  radar's  antenna  sidelobes  are  pointed  at  the  air- 
craft the  communication  range  of  the  radar  is  greatly  reduced 
and  it  is  unlikely  that  the  received  signal  will  exceed  the 
MDS  threshold  of  the  airborne  transponder.  Should  the  inter- 
rogation waveform  cross  the  receiver  threshold  when  the  side- 
lobes  Illuminate  the  aircraft,  the  SLS  waveform  will  keep  the 
transponder  from  responding.  The  SLS  waveform  is  transmitted 
from  an  omnidirectional  antenna  on  the  ground  and  will  be 
received  by  the  aircraft  at  a higher  level  ’jhan  the  radar's 
interrogation  waveform  unless  the  antenna  main  lobe  is  pointing 
in  the  aircraft's  direction. 

The  gain  in  the  antenna  sidelobes  region  is  much  less 
than  the  main  beam  so  that  the  radar's  communication  range  is 
much  less  when  the  sidelobes  are  pointing  at  the  aircraft. 

The  analysis  will  therefore  assume  that  only  two  of  the  SSR 
radars  are  close  enough  so  that  the  transmitted  SLS  waveform 
exceeds  the  airborne  receiver's  MDS  threshold. 

The  two  radars  that  are  assumed  to  be  close  enough  to 
allow  their  SLS  waveforms  to  exceed  the  airborne  receiver's 


•There  are  two  kinds  of  SSR  radars.  The  long-range  radars 
have  a rotation  rate  of  about  0.1  RPS  and  the  short-range 
radars  have  a rotation  rate  of  about  0.2  RPS. 
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threshold  will  cause  the  airborne  transponder  to  be  suppressed 
at  a rate  of  about  792  times  per  second.* 

B.  TRANSPONDER  BLOCKAGE 

A transponder  may  not  always  be  able  to  reply  to  an  MCAS 
interrogation,  because  it  is  already  occupied  with  processing 
or  replying  to  other  interrogators.  This  kind  of  failure  to 
reply  is  known  as  transponder  blockage.  There  are  other  sources 
of  reply  failure,  such' as  equipment  malfunction  and  excessive 
path  losses,  particularly  from  severe  antenna  nulls,  but  these 
effects  are  ordinarily  not  considered  part  of  blockage. 

After  each  interrogation  of  an  ATCRBS  transponder  some 
dead  time  ensues  during  which  other  interrogations  are  blocked. 
The  ATCRBS  standard  (Appendix  A)  specifies  that  the  dead  time 
associated  with  the  reception  of  an  interrogation  waveform 
shall  be  no  more  than  125  ysec  after  the  transmission  of  the 
last  reply  pulse  (i.e.,  an  ?2  framing  pulse).  The  pulse 
is  transmitted  20.3  ysec  after  the  pulse  and  the  delay 
between  the  reception  of  the  Interrogation  waveform  and  the 
transmission  of  the  P^  pulse  cannot  be  more  than  3*5  ysec.  The 
maximum  transponder  dead  time  is  therefore  1^8.8  ysec. 

A transponder's  suppression  time  is  associated  with  the 
reception  of  an  SLS  waveform  (i.e.,  P2  pulse  pair).  The 
(SL3)  waveform  prevents  a transponder  from  replying  to  an 
Interrogation  waveform  and  is  used  primarily  to  prevent  a 
response  when  an  aircraft  is  being  illuminated  by  the  sldelobes 
of  the  ground-based  radars.  The  ATCRBS  specification  for  sup- 
pression time  is  35  ysec  ± 10  ysec  so  that  a maximum  of  45  ysec 
is  possible. 

*Radars  have  an  interrogation  rate  of  about  400  waveforms  per 
sec  and  about  one  percent  of  these  are  transmitted  within  the 
main  beam.  As  a result  an  airborne  transponder  will  be  sup- 
pressed about  792  times  per  sec  by  two  nearby  radars. 
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The  magnitude  of  blockage  is  a function  only  of  the  inter- 
rogation rate  from  all  interrogators,  SSRs  and  MCAS,  within  com- 
munications range  of  a given  transponder.  Due  to  blockage 
alone,  the  reduction  in  the  probability  of  transponder  reply 
in  dense  traffic  is  estimated  at  between  0.90  and  0.95. 

C.  GARBLE 

Garble  is  the  interference  experienced  by  a reply  signal 
when  it  is  overlapped  by  another  reply.  When  this  occurs  the 
altitude  code  between  the  framing  pulses  and  F^)  of  a 
reply  signal  can  be  altered  by  the  addition  or  destruction  of 
bits.  In  fact,  garble  can  cause  the  loss  of  a reply  signal 
altogether  by  interfering  with  the  detection  of  its  framing 
pulses . 

The  garble  rate  y is  the  average  number  of  replies  per 
sec  received  by  an  MCAS.  Since  the  length  of  a reply  signal  is 
20.3  ysec  an  equivalent  parameter  N = 20.3  y is  used  in  this 
report  and  referred  to  as  the  number  of  overlapping  replies. 
MITRE  has  defined  the  number  of  overlapping  replies  to  be  the 
number  which  overlap  a given  reply  by  arriving  no  earlier  and 
no  later  than  20.3  ysec.  The  number  of  overlapping  replies 
defined  by  MITRE  is  equal  to  twice  the  number  N used  here. 

An  MCAS  can  experience  two  types  of  garble:  synchronous, 

due. to  replies  stimulated  by  the  MCAS,  itself,  and  asynchro- 
nous, due  to  replies  stimulated  by  other  MCAS  or  by  ground- 
based  SSRs  which  are  part  of  the  ATCRBS.  Most  of  the  interfer- 
ence affecting  MCAS  performance  will  be  due  to  synchronous  gar- 
ble, although  asynchronous  garble  will  generally  contribute  a 
nonnegllgible  part  of  the  number  of  overlapping  replies  relative 
to  the  MCAS. 

Some  additional  garble  will  occur  because  of  multipath 
effects  which  are  discussed  in  Appendix  D.  However,  this 
report  does  not  include  the  multipath  contribution  in  its 
quantitative  analysis  of  MCAS  performance. 
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D.  GARBLE  RATES 


A discussion  and  analysis  of  the  garble  level  expected  in 
the  1982  Los  Angeles  Basin  is  presented  in  Appendix  F.  A plot 
of  the  aircraft  density  in  the  1982  Los  Angeles  Basin  is  pre- 
sented in  Fig.  5-  In  the  figure,  the  number  of  aircraft  within 
a 1.644  nml  range  interval  is  plotted  as  a function  of  range 
from  the  center  of  the  static  traffic  model.  A range  j.nterval 
of  1.644  nml  is  of  interest  in  that  it  corresponds  to  a two- 
way  transmission  delay  of  20.3nsec.  A reply  message  has  a 
time  duration  of  20.3ysec  so  that  the  number  of  overlapping 
reply  messages  is  determined  by  the  number  of  aircraft  within 
the  1.644  nml  range  interval  which  respond  to  an  interrogation. 

The  data  presented  in  Fig,  5 show  a maximum  of  4l  air- 
craft within  a 1.644  nml  range  interval.  Although  at  the 
maximum  instrumented  range  of  the  MCAS  the  number  of  aircraft 
within  this  range  interval  drops  to  35,  this  still  represents 
a severe  environment  in  which  to  operate.  In  it  the  MCAS  will 
not  be  able  to  perform  its  functions  satisfactorily  unless 
effective  garble  reduction  techniques  are  devised  and  im.ple- 
mented  in  the  system.  Appendix  F assesses  the  compatibility  of 
the  whisper-shout  and  resuppression  garble  reduction  described 
in  Section  III-G.  It  is  not  certain  that  these  techniques  are 
compatible;  however,  if  they  are,  it  may  be  possible  to  reduce 
the  maximum  number  of  aircraft  that  will  reply  within  a 20.3 
psec  period  to  about  6.6  (cf.  Appendix  F).  This  represents  an 
effective  reduction  in  the  synchronous  garble  level  by  a factor 
of  about  1/6  over  that  which  would  be  indicated  for  the  peak 
aircraft  density  presented  in  Fig.  5. 

Synchronous  garble  is  a direct  result  of  the  interrogations 
transmitted  by  the  threatened  MCAS  equipped  aircraft.  Aircraft 
replying  to  these  interrogations  are  close  enough  together  so 
that  their  reply  messages  overlap.  Based  on  the  estimate  pro- 
vided in  Appendix  F,  an  aircraft  in  the  center  of  the  1982 
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FIGURE  5.  Aircr'aft  'Density  in  1 982  Los  Angfeles  Basin  Within 
a 1.644  nmi  Range  Segment 


Los  Angeles  Basin  can  expect  6.3  overlapping  replies  due  to 
synchronous  garble  generated  at  a range  of  20  nmi . (This 
assumes  that  the  whisper-shout  and  resuppression  garble  reduc- 
tion techniques  are  compatible).  Garble  or  overlapping  reply 
messages  will  also  result  when  the  aircraft,  in  the  vicinity  of 
the  threatened  MCAS-equipped  aircraft,  reply  to  ground  radar 
interrogations  and  to  interrogations  from  other  MCAS-equipped 
aircraft . 

We  have  assumed  20  SSR  radars  in  the  Los  Angeles  Basin. 

Each  radar  will  interrogate  each  aircraft  within  its  communi- 
cation range  at  a rate  of  about  4 Interrogations  per  second. 

Not  all  of  the  aircraft  will  be  within  communication  range  of 
the  20  radars;  however,  if  they  were,  about  64,000  reply  mes- 
sages would  be  generated  each  second.  This  corresponds  to  an 
average  of  1.2  reply  messages  in  20.3  ysec.  In  the  analysis, 
however,  it  will  be  assumed  that  an  MCAS  in  the  center  of  the 
Los  Angeles  Basin  receives  only  one  quarter  of  this  number  of  ra- 
dar Induced  reply  messages  (i.e.,  an  average  of  0.3  per  20.3  ysec). 

Interrogations  from  other  MCAS-equipped  aircraft  will 
create  garble  for  an  aircraft  in  the  center  of  the  Los  Angeles 
Basin.  The  communication  range  between  aircraft  is  such  that 
an  Interrogation  which  originates  near  the  center  of  the  Basin 
will  cause  practically  all  of  the  aircraft  to  reply.  An  inter- 
rogation which  is  transmitted  near  the  edge  of  the  traffic 
model  will  cause  the  aircraft  near  the  center  to  reply  but  not 
the  aircraft  on  the  far  side  of  the  model  as  viewed  from  the 
interrogating  aircraft. 

If  all  of  the  MCAS  interrogators  (assumied  to  be  10  percent 
of  the  population)  were  concentrated  in  the  center,  the  reply 
rate  due  to  airborne  interrogations  would  be  about  64,000 
reply  messages  per  second  or  about  1.3  reply  messages  per  20.3 
ysec.  If  all  of  the  airborne  interrogations  were  along  the 
edge  of  the  traffic  model,  the  reply  rate  due  to  other  MCAS- 


equipped  aircraft  would  be  nearly  cut  in  half  (i.e.,  to  about 
32,000  replies  per  second  or  0,65  replies  per  20.3  ysec).  The 
traffic  density  is  highest  near  the  center  so  that  the  reply 
rate  due  to  airborne  MCAS  Interrogations  should  be  closer  to  1.3 
than  to  0.65  replies  per  20.3  ysec.  For  estimating  the  system’s 
probability  of  warning,  it  will  be  assumed  that  the  reply  rate 
is  half  way  between  these  extremes  (i.e.,  about  1.0  replies  per 
20 . 3 ysec ) . 

The  estimates  of  garble  over  the  Los  Angeles  Basin  in  1982 
can  be  summarized  as  follows.  An  MCAS-equlpped  aircraft  at  the 
center  of  the  1982  Los  Angeles  Basin  will  experience  an  average 
synchronous  garble  level  of  6.3  overlapping  replies  due  to  its 
own  interrogations.  This  estimate  assumes  the  implementation 
of  the  whisper-shout  and  the  resuppression  garble  reduction 
techniques.  In  addition,  ground  radars  and  fruit  due  to  other 
MCAS  interrogators  will  contribute  to  the  garble  level  by 
creating  1.3  overlapping  replies  in  the  form  of  asynchronous 
gar’ble . 


V.  MCAS  WARNING  CAPABILITY 


A.  TIMING  REQUIREMENT 

Since  MCAS  requires  26  interrogations  after  an  initial 
target  acquisition  (four  successive  target  replies)  before  a 
track  is  considered  established  and  threat  evaluation  can 
begin,  it  has  a relatively  low  Inherent  effective  data  rate. 
Track  establishment  depends  upon  a minimum  number  of  target 
replies  as  a function  of  the  number  of  Interrogations  in  order 
to  maintain  a track  file.  The  file  is  updated  every  second 
so  that  the  system  can  make  continual  use  of  reply  data  already 
obtained.  MCAS  is  supposed  to  track  all  Intruder  aircraft  in 
this  way  within  a range  of  20  nml  and  provide  protection  (i.e., 
alarms)  against  any  encounter  in  which  the  closing  rate  is  no 
greater  than  I650  ft/sec. 

The  MCAS  system  concept  is  based  upon  the  idea  that  any 
intruder  will  enter  the  surveillance  region  at  least  30  seconds 
before  it  reaches  the  alarm  boundary  as  well  as  the  implied 
requirement  that  the  system  be  able  to  establish  a track  on 
every  such  Intruder  in  time  to  perform  a threat  evaluation  and 
an  escape  maneuver  when  necessary.  Assuming  that  MCAS  has  the 
capacity  to  maintain  track  on  all  intruders,  the  system  concept 
has  two  possible  flaws. 

First,  an  Intruder  may  enter  the  surveillance  region  too 
close  in  range,  e.g.,  by  taking  off  from  a nearby  airstrip, 
becoming  a "pop-up  target."  MITRE  has  recognized  this  diffi- 
culty but  has  not  yet  proposed  a complete  solution.  Only  for 
the  condition  that  a track  is  acquired  without  interference 
from  garble  has  MITRE  proposed  to  abbreviate  the  track  estab- 
lishment procedure.  Therefore,  in  the  analysis  and  evaluation 


of  MCAS  no  attempt  has  been  made  to  include  in  this  report  the 
possibility  of  such  an  event  with  garble  conditions  represent- 
ative of  heavy  traffic. 

Second,  because  of  transponder  blockage  and  garble,  the 
establishment  of  an  intruder  track  may  be  delayed  too  long  to 
permit  adequate  warning  time.  The  probability  of  such  an 
occurrence  will  be  estimated  in  Subsection  B which  follows. 

Adequate  warning  time  can  be  defined  in  terms  of  the 
specified  maximum  closing  rate  of  I650  ft/sec  and  the  maximum 
surveillance  range  of  about  20  nml.  For  the  "remitter”  logic 
a 1650  ft/sec  closing  rate  should  result  in  a warning  when  the 
range  between  the  encountering  a.ircraft  drops  to  9.4  nmi. 

(This  assumes  a tau  slope  of  3I  sec,  to  account  for  a 1-epoch 
processing  time  for  threat  evaluation,  plus  an  offset  range 
= 1 nml).  The  difference  between  the  maximum  instrumented 
range  and  the  warning  range  of  9.4  nml  is  10.6  nmi.  The  air- 
craft will  traverse  the  distance  in  39  sec  at  the  assumed 
value  of  range  rate  so  that  the  acquisition  and  required  track- 
ing must  be  completed  in  39  epochs.  To  fulfill  this  require- 
ment a maximum  delay  in  acquisition  of  up  to  9 epochs  or  9 
isec  is  permitted. 

A similar  estimate  of  the  allowable  delay  in  track  acqui- 
sition can  be  made  in  the  same  manner  for  any  other  closing 
rate.  A curve  for  the  remitter  logic  (31,  1.0)  showing  the 
allowable  delay  as  a function  of  the  closing  rate  is  given  in 
Fig.  6.  Also  included  for  comparison  are  similar  curves  cor- 
responding to  the  two-tau  warning  and  alarm  criteria  of  ANTC- 
117  which  would  be  used  if  both  encountering  aircraft  were 
equipped  with  MCAS  or  DABS.  Note  that  the  T2  curve  indicates 
an  even  smaller  allowable  delay  than  is  indicated  by  the  single 
tau  curve.  In  what  follows,  the  discussion  will  be  concerned 
primarily  with  the  remitter  logic  rather  than  the  ANTC-117 
logics  for  several  reasons.  Initially,  it  is  not  expected  that 


all  aircraft  qualified  to  carry  MCAS  or  DABS  will  be  so  equip- 
ped, so  that  the  remitter  logic  is  appropriate.  If,  as  pre- 
sently Is  the  intention,  the  FAA  adopts  a policy  to  make  MCAS 
optional,  many  high  performance  general  aviation  and  military 
aircraft  may  not  be  equipped  with  MCAS  and  may  not  be  equipped 
with  DABS,  so  that  the  remitter  logic  may  still  be  appropriate. 

The  maximum  range  rate  of  the  currently  specified  MITRE 
design  appears  somewhat  low  (l.e.,  a maximum  aircraft  speed 
of  Mach  0.825);  therefore,  the  warning  delay  analysis  in  this 
report  will  also  consider  encounters  between  two  aircraft,  each 
having  speeds  as  high  as  Mach  0.875*  A head-on  encounter 
between  two  aircraft  which  are  each  traveling  at  a speed  of 
Mach  0.85  (a  range  rate  of  approximately  1700  fps)  must  have 
a delay  in  acquisition  of  less  than  7 epochs  or  seconds.  If 
the  maximum  speed  is  Increased  to  Mach  0.875  (a  range  rate  of 
approximately  1750  fps)  the  delay  in  acquisition  must  be  held 
to  less  than  5 seconds.  The  analysis  will  also  consider  encoun- 
ters in  which  the  closing  range  rate  is  lower  in  order  to  show 
the  sensitivity  of  the  results  to  this  parameter. 

B.  WARNING  PROBABILITY 

1 . Warning  Delay 

The  MCAS  capability  for  generating  a threat  warning  suffi- 
ciently early  to  permit  an  avoidance  maneuver  depends  upon  the 
probability  that  a warning  will  occur  within  a given  time 
delay.  That  delay  is  a function  (Fig.  6)  of  the  closing  rate 
between  the  encountering  aircraft.  The  probability  that  the 
warning  will  occur  soon  enough  depends  upon  the  probabilities 
that  within  a specified  time:  (1)  a reply  is  received  and 

detected  (the  round  reliability);  (2)  a track  is  acquired;  (3) 
the  track  Is  established. 

2 . Round  Reliability 

The  term  "round  reliability"  will  be  used  to  denote  the 
probability  that  the  MCAS  Interrogating  aircraft  receives  and 
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detects  the  bracket  pulses  associated  with  the  reply  message 
from  the  threatening  aircraft.  The  threatening  aircraft  must 
first  receive  the  MCAS  interrogation  and  transmit  its  reply 
message.  The  reply  message  must  then  be  received  with  suffi- 
cient amplitude  to  exceed  the  MDS  threshold  of  the  receiver  in 
the  MCAS-equipped  aircraft. 

The  probability  of  completing  the  process  up  to  this  point 
will  be  referred  to  as  the  system's  reply  probability.  After 
this  operation,  the  bracket  pulse  pair  must  be  detected  before 
the  Interrogation/reply  sequence  is  successfully  completed. 

The  likelihood  of  successfully  completing  the  latter  operation 
will  be  referred  to  as  the  bracket  pulse  detection  probability. 

A transponder  will  not  reply  to  an  Interrogation  if  it 
has  previously  received  an  interrogation  or  suppression  from 
another  interrogator  and  is  occupied  in,  or  has  not  fully 
recovered  from,  processing  the  latter  signal.  This  inability 
of  the  transponder  to  reply  to  an  interrogation  is  called 
blockage . 

The  effect  of  transponder  blockage  can  be  estimated  by 
assuming  that  the  interrogation  and  suppression  waveforms  occur 
randomly  in  time  and  that  blockage  statistics  follow  a Poisson 
distribution.  Under  these  conditions  the  reply  probability  is 
given  by 


= e"^^al  "^i  ^as  e“^^gi  "^i  ^gs 


(1) 


where  f^^^  is  the  airborne  interrogation  rate,  Is  the  trans- 
ponder blockage  time  associated  with  the  reception  of  an  inter- 
rogation waveform,  f^^  is  the  airborne  SLS  waveform  transmis- 
sion rate,  is  transponder  suppression  time,  and  f , and  f 

s gl  gs 

are  the  interrogation  and  SLS  waveform  transmission  rates  from 
ground  radars.  The  first  exponential  give  the  reply  probability 
due  to  airborne  interrogators  and  the  second  gives  the  reply 
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probability  due  to  ground-based  radars.  Substituting  into 
equation  (1)  the  estimates  for  the  parameters  derived  In  Sec- 
tions IV-A  and  IV-B  gives 

p . ^-C(73)(1^8.8)  + 31(^5)]xlO~^  ^-[80(1^48. 8)+792(J45)]x10"^ 

e e 

^-0.012  ^-.047  = 0.94 

s 0 0 

Thus,  the  assumed  airborne  MCAS  population  reduces  round  reli- 
ability by  only  one  percent  relative  to  that  caused  by  SSRs 
alone . 

The  above  estimate  of  reply  probability  is  approximately 
equal  to  more  optimistic  estimate  (0.95)  for  current  high  density 
traffic  regions.  The  latter  value  (0.95)  has  been  used  to  cal- 
culate the  expected  delay  in  acquiring  a threatening  aircraft. 
Such  factors  as  equipment  failures  and  antenna  nulls  have  been 
neglected.  These  effects  are  difficult  to  estimate  and  will  not 
be  included  in  the  analysis.  Also,  the  analysis  assumes  that 
only  the  whisper-shout  garble  reduction  technique  is  incorpora- 
ted in  the  MCAS  design.  If  the  resuppression  technique  is  also 
used,  transponder  blockage  will  increase  and  the  reply  prob- 
ability will  decrease. 

The  probability  of  transponder  reply  has  been  evaluated 
for  a less  severe  environment  in  Ref.  3.  A 150-aircraft 
deployment,  within  a radius  of  200  nmi  and  centered  on  JFK 
Airport,  New  York,  was  used  in  that  analysis.  In  all,  64  air- 
craft were  MCAS-equipped  so  that  the  total  number  of  airborne 
interrogations  for  the  analysis  of  Ref.  3 was  80  percent  of 
that  considered  in  the  analysis  presented  here  for  the  1982 
L.A.  Basin.  Reference  3 also  included  between  225  and  292 
ATCRBS  ground  interrogators;  however,  it  doo's  not  specify  the 
average  rate  at  which  an  airborne  transponder  was  interrogated 
from  the  ground. 

The  results  indicate  that  the  probability  of  transponder 
reply  will  change  very  little  with  MCAS.  With  225  ground 


interrogators,  assuming  that  all  aircraft  are  equipped  with 
an  air  carrier  type  of  transponder,  the  transponder  reply 
probability  was  0.95  with  and  without  MCAS.  If  all  aircraft 
were  equipped  with  general  aviation  transponders  the  reply 
probability  was  0.98  with  and  without  MCAS.  For  all  aircraft 
equipped  with  military  transponders  the  reply  probability  was 
0.9^  without  MCAS  and  0.93  with  MCAS.  The  estimate  of  the 
transponder  reply  probability  given  here  seems  to  be  in  general 
agreement  with  the  estimates  of  Ref.  3. 

The  detection  of  the  bracket  pulses  associated  with  a 
reply  message  requires  that  the  signal  level  drop  below  the 
MDS  threshold  immediately  preceedlng  at  least  one  of  the 
bracket  pulses.  In  a garbled  environment  this  cannot  be  as- 
sured, and  the  bracket  pulse  detection  probability  will  there- 
fore be  less  than  unity  even  if  the  reply  message  signal  level 
is  adequate  for  detection. 

There  are  two  ways  that  garble  can  prevent  bracket  pulse 
detection  of  the  threatening  aircraft  reply  message.  An 
framing  pulse  associated  with  garble  can  occur  immediately 
before  the  threatening  aircraft's  framing  pulse.  (For  ease 
of  reference,  these  two  framing  pulses  will  be  denoted  as  F,_ 
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and  F^^,  respectively).  Framing  pulses  are  always  20.3  nsec 
apart  so  that  an  P2  pulse  due  to  garble  (i.e.,  ^20^  would  also 
appear  im.medlately  before  the  threatening  aircraft's  F2  fram- 
ing pulse  (i.e.,  f'2T^'  second  way  for  garble  to  interfere 

with  the  bracket  pulse  detection  is  for  any  type  of  garble 
pulse,  other  than  a to  appear  immediately  before  F^,p  and 

for  any  type  of  garble  pulse,  other  than  a type  F2Q,  to  appear 
immediately  before  F2T’  type  P2Q  pulse  occurs  before  F2,p  If, 

and  only  if,  an  F^q  proceeds  This  possibility  is  Included 

in  the  first  way  that  bracket  detection  is  prevented  by  garble). 

The  timing  between  a garble  pulse  and  a framing  pulse  is 
critical  in  determining  whether  a bracket  pulse  detection  is 
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missed.  This  timing  is  discussed  as  if  only  one  garble  pulse 
and  one  framing  pulse  were  Involved.  However,  it  should  be 
remembered  that  garble  must  Interfere  with  both  of  the  threat- 
ening aircraft’s  framing  pulses  in  order  to  prevent  the  genera- 
tion of  an  appropriate  bracket  pulse  detection  signal. 

Interference  to  the  detection  of  bracket  pulses  occurs 
when  the  trailing  edge  of  a garble  pulse  is  within  121  nsec 
(i.e.,  one  clock  count)  of  the  leading  edge  of  the  threatening 
aircraft’s  bracket  pulse.  In  other  words,  the  garble  pulse  and 
the  bracket  pulse  must  be  separated  (as  measured  from  leading 
edge  to  leading  edge)  by  less  than  570  nsec.  The  interference 
will  continue  as  the  separation  between  the  pulses  decreases 
until  finally  the  threatening  aircraft  bracket  pulse  and  the 
garble  pulse  completely  overlap. 

When  this  happens  it  is  possible  for  the  phase  difference 
between  the  two  pulses  to  cause  them  to  add  destructively, 
and  if  the  amplitudes  are  about  equal  the  resulting  signal  can 
drop  below  the  MDS  threshold.  It  is  unlikely  for  the  latter 
combination  of  conditions  to  occur,  and,  in  general,  a usable 
bracket  pulse  detection  signal  will  result  when  the  threaten- 
ing aircraft’s  bracket  pulse  and  a garble  pulse  completely 
overlap. 

Actually,  a useful  bracket  pulse  detection  signal  can  be 
expected  when  the  garble  pulse  proceeds  the  threatening  air- 
craft bracket  pulse  by  a small  amount.  For  example,  the  acqui- 
sition process  would  not  be  encumbered  if,  due  to  garble,  the 
bracket  pulse  detection  signal  occurs  one  clock  count  earlier 
than  it  would  without  garble. 

A one  clock  count  timing  error  in  the  range  and  altitude 
code  read  command  will  not  cause  a loss  of  data.  A two  clock 
count  error  is  more  serious  since  this  will  cause  the  equip- 
ment to  check  for  the  presence  of  the  altitude  code  pulses 
long  before  the  peak  amplitude  of  the  pulses  occurs. 
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In  addition,  the  ATCRBS  specification  allows  a pulse 
interval  tolerance  of  100  nsec  so  that  a two  clock  count  error 
in  the  read  command  can  result  in  the  equipment  attempting  to 
monitor  the  presence  of  an  altitude  pulse  350  nsec  before  the 
center  of  the  pulse  occurs  in  time.  The  time  duration  of  the 
pulses  is  only  450  nsec;  thus,  it  is  likely  that  an  altitude 
pulse  will  be  missed  if  the  read  command  is  two  clock  counts 
early . 

If  a bracket  pulse  detection  signal  occurs  two  clock 
counts  early.  It  is  possible  and  even  likely  that  some  of  the 
pulses  which  are  transmitted  as  part  of  the  reply  message 
altitude  code  will  be  missed  and  a "1"  will  be  read  as  an  "0". 
During  the  acquisition  process  the  altitude  codes  from  the 
four  acquisition  reply  messages  are  "and"  together  to  produce 
the  predicted  code.  As  a result,  a missed  altitude  bit  in  any 
one  of  the  four  required  reply  messages  will  cause  an  extra 
"0"  or  missing  "1"  to  appear  in  the  predicted  altitude  code. 

The  effect  of  missing  "I's"  in  the  predicted  altitude  code 
is  severe  since  in  the  correlation  process  (Cf,  Section  III-E- 
2)  during  track  continuation  after  acquisition  this  error  gives 
the  appearance  of  garbled  "I’s"  in  the  reply  code.  An  apparent 
garbled  "1"  in  the  reply  code  is  heavily  weighted  in  computing 
the  correlation  process  and  results  in  a reduction  of  3 in  the 
correlation  number.  In  fact,  no  more  than  two  garbled  "I's" 
can  be  tolerated  if  a minimum  correlation  value  of  40  is  to  be 
obtained.  However,  it  is  likely  that  this  minimum  will  be 
chosen  to  be  less  than  40  (Cf.  Section  VI-B-2)  for  other  reasons 

It  is  also  possible  for  garble  during  the  track  continua- 
tion reply  message  to  produce  garbled  "I's"  in  the  reply  code. 

It  is  the  combination  of  missing  "I's"  in  the  predicted  code 
and  garbled  "I's"  in  the  track  continuation  reply  code  which 
must  be  held  to  a maximum  of  two  if  the  minimum  correlation 
value  is  set  to  40.  This  seems  dubious  if  one  of  the  bracket 


pulse  detection  signals  occurs  two  clock  counts  early  during 
the  acquisition  process. 

The  forthcoming  analysis  will  assume  that  a two  clock 
count  error  In  the  occurrence  of  the  bracket  pulse  detection 
signal  cannot  be  tolerated  so  that  the  time  during  which  gar- 
ble pulses  interfere  with  the  bracket  pulse  detection  of  the 
threatening  aircraft's  reply  extends  from  180  nsec  (i.e., 

1-1/2  clock  counts)  to  570  nsec.  This  corresponds  to  a time 
window  which  is  390  nsec  wide,  during  which  a garble  pulse 
causes  interference.  For  ease  of  reference  this  time  window 
will  be  called  the  interference  window. 

In  the  analysis,  we  need  to  distinguish  between  differ- 
ent types  of  garble  pulses.  Framing  pulses,  whether  they  be 
F^  or  F2  occur  at  the  same  rate  as  reply  messages  while  pulses 
associated  with  the  altitude  code  of  a garble  reply  message 
are  more  prevalent.  Appendix  E shows  that,  on  the  average, 
a mode  C reply  message  will  contain  six  pulses.  There  are 
always  two  framing  pulses  In  a reply  message;  thus,  the  alti- 
tude code  will,  on  the  average,  consist  of  four  pulses.  In 
terms  of  the  reply  message  transmission  rate,  y,  the  rate  of 
occurrence  of  F^^  pulses  is  y,  the  rate  of  occurrence  of  F^q 
pulses  is  also  y,  and  the  rate  at  which  altitude  code  pulses 
occurs  is,  on  the  average,  ^y. 

Garble  pulses  are  assumed  to  be  randomly  dispersed  in 
time  and  the  statistics  associated  with  their  occurrence  with- 
in an  interference  window  is  assumed  to  follow  a Poisson  dis- 
tribution. If  garble  pulses  occur  at  an  average  rate  of  m 
times  per  second  and  the  time  window  width  is  t,  the  probabil- 
ity that  a pulse  will  not  appear  in  the  window  is 

P (no  pulse)  = e”*^^  . 

The  probability  that  at  least  one  pulse  will  appear  in  the 
window  is  one  minus  this  quantity. 
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As  mentioned  earlier,  two  sets  of  conditions  will  prevent 
the  MCAS  from  generating  a satisfactory  bracket  pulse  detection 
signal.  First  of  all,  an  garble  pulse  can  appear  in  the 

Interference  window  proceeding  P2ip*  "^^e  probability  that  this 
will  occur  is 

P(ip  = 1 - e-1'  1“'®  (2) 

The  other  set  of  conditions  requires  an  or  an  altitude  code 

pulse  to  appear  in  the  interference  window  proceeding  F^^p  and 
for  an  F,^  or  an  altitude  code  pulse  to  appear  in  the  interfer- 

l(j 

ence  window  preceeding  P2T'  probability  that  this  will 

occur  is 

P(ip  . (1  - e-5  390  X la-y  (3) 

If  the  two  conditions  whichUjause  interference  for  the  detec- 
tion of  bracket  pulses  are  independent,  the  probability  of 
interference  due  to  either-. is 

P(I)  = Pd^)  + P(l2)  - P(Ii>  ^2^ 

= P(I^)  + P(l2)  - Pd^)  P(l2^ 

Equations  (2),  (3),  and  (A)  have  been  evaluated  and  the  result 
was  subtracted  from  unity  to  give  the  MCAS  bracket  pulse  detec- 
tion probability.  The  results  are  presented  in  Table  2a  as  a 
function  of  the  number  of  overlapping  reply  messages  (N). 
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TABLE  2a.  BRACKET  PULSE  DETECTION  PROBABILITY 


Number  Overlapping 
Reply  Messages  (N) 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 


Bracket  Pulse 
Detection  Probability 

0.973 
0.933 
0.885 
0.832 
0.776 
0.  720 
0.  665 
0.611 
0.559 
0.511 
0.  465 
0.422 
0.383 
0.346 
0.313 
0.282 


Round  reliability  is  calculated  by  multiplying  the  bracket 
pulse  detection  probability  of  Table  2a  by  0.95  (the  estimated 
reply  probability).  These  calculations  are  carried  out  in 
Table  2b. 
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TABLE  2b.  ROUND  RELIABILITY  AS  A FUNCTION 
OF  GARBLE  LEVEL 


Bracket  Pulse 
Detection 
Probabi 1 i ty 


Reply 

Probabi  1 i tj 


0 

1.0 

1 

0.973 

2 

0.933 

3 

0.885 

4 

0.832 

5 

0.776 

6 

0.720 

7 

0.665 

8 

0.611 

9 

0.559 

10 

0.511 

1 1 

0.465 

12 

0.422 

0.95 

0.95 

0.95 

0.924 

0.95 

0.886 

0.95 

0.841 

0.95 

0.790 

0.95 

0.737 

0.95 

0.684 

0.95 

0.631 

0.95 

0.580 

0.95 

0.531 

0.95 

0.485 

0.95 

0.442 

0.95 

0.401 

r 


3.  Probability  of  Acquiring  Enough  Data  For  Warning 

The  next  step  in  determining  the  probability  of  warning 
is  to  derive  the  relationship  between  round  reliability  and 
the  probability  of  acquisition  with  less  than  a specified 
delay.  This  is  accomplished  in  Appendix  B and  results  are 
summarized  In  Fig.  7- 

The  garble  level  confronting  an  MCAS-equipped  aircraft  is 
assumed  to  have  a Poisson  distribution  so  that  the  occurrence 
of  any  particular  garble  level  is  to  be  associated  with  a 
probability  which  depends  on  the  expected  mean  value.  This 
subsection  will  only  consider  mean  garble  levels  of  up  to  7 
overlapping  replies  per  20.3  usee.  This  is  actually  a higher 
garble  level  than  MITRE  anticipates  being  able  to  handle*  and 
the  results  show  that  system  performance  at  such  a garble  level 
is  poor. 

Sample  calculations  for  determining  the  probability  that 
the  MCAS  will  obtain  adequate  tracking  data  (i.e.,  a 30-second 
track)  before  an  Intruder  penetrates  the  threat  boundary  is 
shown  in  Table  3.  These  calculations  are  for  an  acquisition 
delay  of  7 or  less  seconds  and  therefore  correspond  to  an  en- 
counter with  a range  rate  of  1700  fps. 

The  results  presented  in  the  table  are  as  follows.  The 
first  column  gives  a particular  garble  level  in  which  target 
acquisition  is  to  be  accomplished.  The  next  two  columns  give 
the  round  reliability  for  each  garble  level  and  the  probability 
•-«  of  acquisition  for  each  garble  level  with  a delay  of  less  than 

the  specified  amount.  The  following  l4  columns  are  grouped  in 

I 

‘-j,  ^MITRE  believes  the  performance  of  the  MCAS  range  tracker  will 

'■  be  satisfactory  at  a garble  level  of  8 overlapping  replies  in 

’’  ± 20.3  u-ec  or  ^0.6  usee.  This  is  equivalent  to  only  ^ over- 

lapping  replies  in  20.3  usee. 


PROBABILITY  OF  ACQUISITION 


0.2 


0.3 


0.4 


).5  0.6  0. 

ROUND  RELIABILITY 


0.8 


0.9 


1.0 


FIGURE  7.  Acquisition  Probability  as  a Function 
of  Round  Reliability 
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TABLE  3.  WARNING  PROBABILITY  CALCULATIONS 


Cumulitlve  ProbabilUy  .979  .941  .884  .807  .719  ,624  ,544 


pairs  and  provide  the  calculations  for  determining  the  cumula- 
tive probability  for  mean  garble  levels  between  1 and  7 over- 
lapping replies.  The  first  of  each  pair  of  columns  gives  the 
probability  that  the  number  of  overlapping  replies  specified 
on  the  left  is  obtained.  (This,  of  course,  depends  on  the  m.ean 
garble  level).  The  second  column  of  each  pair  Is  the  product 
of  the  first  column  of  each  pair  and  the  probability  of  acqui- 
sition listed  in  column  3.  The  sum  of  the  second  column  of 
each  pair  is  given  at  the  bottom  of  the  table.  This  value  is 
the  cumulative  probability  for  each  of  the  mean  garble  levels 
associated  with  the  column  pair. 

A summary  of  the  results  of  the  calculations  is  presented 
in  Fig.  8.  Six  curves  are  presented  for  encounters  with  dif- 
ferent values  of  range  rate  between  13^0  f/sec  and  1750  f/sec. 
These  data  are  plotted  on  probability  paper;  thus,  the  system 
performance  drops  off  rapidly  as  the  garble  level  increases. 

For  example,  for  an  encounter  with  a range  rate  of  I65O  f/sec, 
the  system  has  a probability  of  O.98  of  acquiring  sufficient 
tracking  data  for  warning  if  the  average  garble  level  is  1.3 
overlapping  replies  in  20.3  usee.  At  twice  this  garble  level 
the  probability  drops  to  0.93,  at  three  times  the  garble  level 
(3.9  overlapping  replies  per  20.3  ysec)  the  probability  is 
0.85,  and  at  ^ times  the  garble  level  (5-2  overlapping  replies 
per  20.3  usee)  the  probability  is  0.76. 

The  data  of  Fig.  8 have  been  replotted  in  a slightly  dif- 
ferent form  in  Fig.  9.  The  curves  presented  in  this  figure 
are  for  a given  level  of  performance  (i.e.,  a constant  pro- 
bability of  obtaining  sufficient  tracking  data  for  warning) 
and  the  variables  are  the  garble  level  and  range  rate  of  the 
encounter.  Several  scales  are  included  on  the  abscissa  to 
allow  the  range  rate  of  the  encounter  to  be  interpreted  in 
terms  of  aircraft  speed  (each  aircraft  is  assumed  to  be 
traveling  at  the  same  speed)  and  the  crossing  angle  between 


55 


PROBABILITY  OF  ACQUISITION  WITHIN  ALLOWED  DELAY 


FIGURE  8.  MCAS  Probabnity  of  Obtaining  Sufficient  Track- 
ing Data 


56 


0.65  0.70  0.75  0.80  0.85  0.90 

A/C  SPEED  - HEAD-ON  ENCOUNTER 


0.70 

0.76 

0.81 

0.87 

0.92 

0.97 

1 

1 

A/C  SPEED  - 

45°  CROSSING  ANGLE 
1 

1 

1 

0.92 

0.99 

1.0 

A/C  SPEED  - 

90  CROSSING  ANGLE 

1.2 

1 .3 

9-27-76-I5 

FIGURE  9.  MCAS  Tracker  Performance  For  Stressing  Encounters 
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the  aircraft  trajectories.  A second  scale  has  also  been  pro- 
vided on  the  ordinate  of  Fig.  9,  which  expresses  the  garble 
level  as  a percentage  of  that  expected  in  the  1982  Los  Angeles 
Basin  at  a range  of  20  nml  without  the  whisper-shout  or  re- 
suppression  garble  reduction  techniques. 

Figure  9 shows  that  it  will  be  difficult  to  achieve  a 
high  probability  of  acquiring  sufficient  tracking  data  for 
warning  in  an  encounter  between  two  high-speed  subsonic  air- 
craft flying  at  a high  altitude  above  the  1982  Los  Angeles 
Basin.  If  each  aircraft  is  traveling  at  Mach  0.85,  a prob- 
ability of  0.9  is  obtained  for  a head-on  encounter  at  a garble 
level  of  slightly  less  than  3 overlapping  replies  in  20.3  usee. 
This  is  about  8 percent  of  the  garble  that  would  be  observed 
in  the  1982  Los  Angeles  Basin  without  the  use  of  garble  re- 
duction techniques.  Stated  another  way,  such  a performance 
would  require  a reduction  in  the  garble  level  by  a factor  of 
1/12.5.  Based  on  the  analysis  of  Appendix  F the  combination 
of  whisper-shout  and  resuppression  would  not  be  able  to  achieve 
such  a reduction  in  garble  level. 

The  probability  of  achieving  sufficient  tracking  data  for 
warning  can  be  improved  by  increasing  the  maximum  surveillance 
range  beyond  20  nmi  or  by  reducing  the  required  tracking  time 
before  warning.  Increasing  the  surveillance  range  will  improve 
the  warning  probability  by  allowing  a longer  delay  in  acquisi- 
tion, but  it  should  also  result  in  a higher  false  track  prob- 
ability and  require  a larger  computer  to  store  and  handle  an 
expected  Increase  in  the  number  of  legitimate  non-threatening 
tracks.  Decreasing  the  required  track  period  before  warning 
will  decrease  the  likelihood  of  degarbllng  the  reply  altitude 
codes  and  should  lead  to  a higher  false  alarm  rate  and  a reduc- 
tion in  warnings  of  true  threatening  tracks. 

The  probability  that  an  intruder  can  be  acquired  in  less 
than  the  specified  number  of  epochs  is  equated  to  the  probability 
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of  warning  here.  This  is  only  approximately  correct  since  the 
altitude  of  the  intruder  must  be  determined,  and  it  is  possible 
for  a track  to  be  acquired  but  then  terminated  during  the  30- 
sec  tracking  period.  A track  can  be  terminated  if  the  number 
of  accumulated  replies  does  not  satisfy  MITRE 's  track  continua- 
tion requirements  (cf.  Section  III-E-2)  or  if  a track  is  pulled 
off  by  a crossing  aircraft  whose  range  may  sweep  through  the 
range  window  of  the  intruder  being  tracked  (cf.  Appendix  G). 

Only  the  first  of  these  mechanisms  has  been  considered 
here  (cf.  Appendix  C - Section  D)  in  estimating  the  warning 
delay  probability,  although  the  second  mechanism  has  a relatively 
high  associated  probability,  as  shown  in  Appendix  G.  Thus,  the 
warning  delay  estimates  given  here  must  be  regarded  as  too  low. 
However,  including  the  possibility  of  track  termination  after 
acquisition  but  ignoring  the  possibility  of  pull-off  has  a 
negligible  effect  on  the  estimate  of  the  probability  of  v.'arn- 
Ing. 

The  probability  of  track  continuation  after  acquisition 
is  analyzed  in  Section  D of  Appendix  C.  For  round  reliability 
of  0.9,  0.8  and  0.7,  the  probability  of  track  continuation 
during  the  30-sec  required  tracking  period  is  approximately 
1.0,  .999  and  .988,  respectively. 

A round  reliability  of  0.7  is  unacceptably  low  in  that  it 
produces  too  long  a delay  in  acquisition  even  without  consider- 
ing the  possibility  of  a track  termination  after  acquisition. 

For  a round  reliability  of  0.8  or  higher,  the  possibility  of 
dropping  the  track  during  the  required  30-sec  tracking  period 
is  extremely  small,  and  will  not  alter  the  estimate  of  warning 
delay . 
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VI.  TRACKING  PERFORMANCE 


A.  GENERAL  CONSIDERATIONS 

The  performance  of  MCAS  depends  upon  its  ability  to  ac- 
quire, update  and  establish  a track  on  every  Intruder  in  its 
20-nmi  surveillance  region  and  to  generate  alarms  if,  and  only 
if,  a real  intruder  penetrates  the  alarm  region  defined  by  the 
MCAS  threat  logic.  In  processing  the  data  acquired  during  the 
tracking  operation,  the  system  uses  a number  of  criteria  and 
tests  (cf.  Section  III)  in  order  to  decide,  at  each  phase, 
whether  an  apparent  intruder  is  real  and,  after  a track  has 
been  established,  whether  it  is  a potential  threat.  If  the 
tests  of  the  validity  of  a track  are  unsuccessful,  the  MCAS 
processor  may  falsely  dismiss  a real  target  track  or  falsely 
accept  a false  target  track.  Even  if  a real  target  track  is 
preserved,  the  estimates  of  the  track  parameters  may  result  in 
an  Incorrect  estimate  of  the  time  that  the  alarm  should  be 
given.  The  latter  error  is  discussed  in  Section  V. 

Garble  can  distort  the  result  of  any  of  these  tests  and 
can,  therefore,  affect  tracking  performance  in  several  differ- 
ent ways.  Acquiring  and  processing  false  tracks  increases  the 
tracking  load,  perhaps  beyond  the  system's  capacity.  Acquired 
false  tracks  can  persist,  in  some  cases  long  enough  to  be  es- 
tablished, thereby  increasing  the  probability  of  false  warning 
beyond  that  due  to  measurement  errors  alone.  In  addition,  in 
some  circumstances,  garble  can  cause  the  loss  of  a track,  there- 
by increasing  the  warning  delay  beyond  what  was  estimated  in 
Section  V,  primarily  as  a result  of  transponder  blockage.  By 
distorting  an  intruder's  communicated  altitude  data,  which  are 
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used  not  only  as  part  of  the  threat  criteria  for  warnings  but 
also  to  help  correlate  track  updates,  garble  can  cause  addi- 
tional false  warnings,  real  track  losses,  and  warning  losses. 

In  Appendix  C,  a detailed  analysis  of  the  effect  which 
garble  has  on  each  phase  of  the  tracking  operation  is  given. 

The  results  are  then  used  to  estimate  the  probability  of  false 
warnings  and  the  expected  Increase  in  the  MCAS  tracking  load 
because  of  false  track  acquisitions. 

Appendix  G analyzes  separately  the  trade-offs  which 
result  from  available  parameter  choices  in  the  a-3  tracking 
algorithm  (cf.  Section  III-E-2).  The  effect  on  track  loss  or 
false  warning  has  not  been  combined  with  the  estimates  obtained 
in  Appendix  C because  it  is  not  known  how  MITRE  plans  to  deal 
with  the  a-3  tracking  problems  which  are  caused  primarily  by 
the  need  to  accommodate  Intruders  accelerating  relative  to  the 
MCAS. 

B.  THE  EFFECT  OF  GARBLE  ON  MCAS  TRACKING  OPERATIONS 
1 • False  Track  Acquisition 

In  order  to  acquire  a false  track  the  MCAS  must  make  four 
false  bracket  detections.  First,  there  must  be  two  such  detec- 
tions one  second  apart,  with  apparent  ranges  that  are  consist- 
ent with  a positive  closing  rate  no  greater  than  977  kn,  so 
that  the  range  of  the  ghost  intruder  appears  to  have  closed  by 
an  amount  between  0 and  1650  ft. 

These  ranges  are  then  used  to  extrapolate  the  apparent 
Intruder  range  to  an  earlier  and  a later  interrogation.  The 
second  step  in  the  false  track  acquisition  requires  that  false 
brackets  be  detected  at  the  extrapolated  ranges  within  the 
allowed  tolerance  of  ± 240  ft. 

Finally,  the  apparent  altitude  codes,  due  to  garble  pulse 
detections  at  nominal  altitude  positions  between  each  of  the 
four  false  bracket  pairs  of  framing  (F^,  F^ ) pulses,  must  pro- 
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duce  a legitimate  altitude  code  when  "anded"  together.  Ille- 
gitimate altitude  codes  are  those  whose  C-blts  (cf.  Fig.  2) 
form  the  binary  sequences:  000,  101,  and  111.  In  addition, 

at  least  one  binary  "one"  must  be  obtained  among  the  six  A or 
B bits  (A,,  A2>  Aj^,  B^,  for  altitudes  below  31,000  ft*). 

The  results  of  the  calculation  In  Appendix  C for  false 
track  acquisition  indicate  that  the  probability  of  acquiring 
a false  track  increases  rapidly  with  garble.  For  a number  of 
overlapping  replies  equal  to  3 the  expected  number  of  false 
track  acquisltions/sec  Is  0.056,  while  for  N = 4 it  is  1.84, 
and  for  N = 5 it  is  21. 

2 . False  Track  Updating 

In  the  updating  process  range  Is  extrapolated  (cf.  Section 
III-E-2)  and  the  predicted  range  window  (±240  ft  centered  on 
the  extrapolated  range)  is  then  examined  for  bracket  pulse 
pairs.  If  a false  track  has  been  initiated  a subsequent  brack- 
et detection  in  the  predicted  range  window  can  occur  for  either 
of  two  reasons:  the  presence  of  garble  or  the  presence  of  a 

legitimate  bracket  for  a reply  whose  range  happens  to  fall  with- 
in ±240  ft  of  the  apparent  false  track  range  for  the  given 
interrogation.  In  the  latter  case  the  same  bracket  can  update 
the  false  track  as  well  as  the  legitimate  track. 

The  track  is  updated  after  a bracket  detection  in  the 
predicted  range  window  if  three  conditions  are  satisfied. 

First,  at  least  one  of  the  three  C-bits  in  the  altitude  code 
between  the  two  bracket  pulses  must  be  a "one."  Second,  at 
least  one  "one"  in  the  three  C-bits  of  the  apparent  reply  alti- 
tude code  must  agree  with  at  least  one  "one"  of  the  C-bits  in 
one  of  the  three  predicted  altitude  codes.  The  three  predicted 
altitudes  consist  of  a best  prediction  and  two  adjacent  ones 

*Thls  assumes  that  the  MCAS  aircraft  is  flying  sufficiently 
lower  than  31,000  ft  that  aircraft  with  a code  corresponding  to 
an  altitude  above  31,000  ft  is  not  a threat. 
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(differing  by  100  ft).  Third,  the  apparent  reply  code  must 
pass  a correlation  test  in  which  a correlation  number  given 
by  48-3M-Q  must  exceed  a specified  minimum  value  for  one  or 
more  of  the  three  predicted  altitudes.  In  this  test  M is  the 
number  of  "ones"  appearing  in  the  apparent  reply  code  where 
the  predicted  altitude  code  has  "zeroes"  and  Q is  the  number 
of  "zeroes"  appearing  in  the  apparent  reply  code  where  the 
predicted  altitude  code  has  "ones." 

MITRE  has  not  yet  made  a final  choice  of  the  minimum 
correlation  number  required  for  acceptance  of  the  apparent 
reply.  Settings  from  36  to  4^  have  been  tried  in  computer 
simulations . 

In  Appendix  C it  is  shown  that  a setting  below  39  is 
necessary  to  avoid  rejecting  a legitimate  reply  with  only  two 
"ones,"  l.e.,  one  C-bit  and  one  A or  B-blt.  On  the  other  hand, 
with  such  a setting  a reply  that  consisted  entirely  of  garble 
pulses  and  that  passed  the  first  two  tests  would  also  be  ac- 
cepted when  the  reply  overlap  Is  equal  to  or  greater  than  four. 

Thus,  it  must  be  concluded  that  In  these  cases  the  correlation 
number  test  is  redundant;  l.e.,  all  garble  replies  with  correl- 
ation numbers  much  smaller  than  the  correlation  numbers  associ- 
ated with  certain  legitimate  replies  would  be  eliminated  by  the 
first  two  tests  alone. 

Assuming  that  the  correlation  number  test  is  eliminated,  | 

or,  equivalently,  that  the  admissible  threshold  setting  is  well  ] 

below  39,  the  following  probabilities  that  an  all-garble  alti-  * j 

tude  code  is  accepted  are  obtained  in  Appendix  C.  For  a number  i 

N of  overlapping  replies  equal  to  3 the  probability  is  0.30, 
for  N = 4 the  probability  is  0.42,  and  for  N = 5 the  probabil- 
ity is  0.52.  i 
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3.  False  Track  Estabi 1 shment 


MCAS  does  not  generate  an  alarm  until  an  Intruder  track 
is  established.  This  can  happen  only  after  30  interrogations, 
including  the  initial  4 which  must  be  accepted  for  acquisition. 

A track  will  be  rejected  by  MCAS  unless  a specified  mini- 
mum accumulated  number  of  replies  has  been  accepted  after  each 
of  the  26  interrogations  between  the  acquisition  and  the  estab- 
lishment of  a track.  The  required  minimum  accumulated  numbers, 
which  increase  with  the  number  of  interrogations,  are  listed 
in  Table  1 of  Section  III-E-2. 

In  Appendix  C the  probability  of  establishing  a false 
track,  given  a false  acquisition,  is  calculated.  The  probabil- 
ity for  the  case  N = 5 is  0.072,  for  the  case  N = 4 it  is  0.0013, 
and  for  the  case  N = 3 it  is  0.64  x lO”^. 

C.  SYSTEM  IMPLICATIONS  OF  FAULTY  TRACKING  DUE  TO  GARBLE 

1 . False  Alarms 

A false  alarm  will  be  generated  if  the  apparent  range  and 
range  rate  associated  with  an  established  false  track  satisfy 
the  single  modified  tau  condition  described  in  Section  III-F* 
and,  in  addition,  the  apparent  altitude  code  satisfies  altitude 
threat  criteria.  The  probability  that  the  apparent  intruder 
will  satisfy  both  of  these  conditions  is  estimated  in  Appendix 
C as  0.0339  . 

When  this  probability  is  combined  with  the  previously 
calculated  false  track  acquisition  rate  (Section  VI-B-2)  and 
the  probability  of  establishing  a false  track  given  a false 
track  acquisition,  the  result  is  the  false  alarm  rate.  In 
Appendix  C the  false  alarm  rate  is  calculated  in  this  way  with 
and  vfithout  the  use  of  the  whisper-shout  degarbllng  technique 
(cf.  Section  III-G). 

•Minimum  range  alarms  are  neglected  in  the  false  alarm  analysis 
of  this  report. 
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Appendix  C takes  whisper-shout  into  account  by  assuming 
that  it  divides  the  total  aircraft  population  into  four  sepa- 
rate equal  groups.  For  a given  number  of  overlapping  replies 
N,  the  total  number  of  responding  aircraft  within  20  nml  when 
whisper-shout  is  used  will  then  be  four  times  the  number  cor- 
responding to  that  ?>!  when  whisper-shout  is  not  used.  In  addi- 
tion, the  false  alarm  rate  corresponding  to  N when  whisper- 
shout  is  used  will  be  four  times  the  rate  corresponding  to  the 
same  N when  it  is  not  used. 

These  results  are  summarized  in  Table  From  an  inspec- 

tion of  the  table  it  is  apparent  that  when  the  number  of  air- 
craft within  a 20  nmi  range  is  as  large  as  244  the  false  alarm 
I rate  (740/hr)  will  te  unacceptable,  even  when  whisper-shout  is 

' used.  This  number  is  still  considerably  short  of  the  412  air- 

I 

craft  projected  for  a 20  nmi  range  about  the  Los  Angeles 
terminal  center  in  1982. 


TABLE  4.  FALSE  ALARM  RATES  AS  A FUNCTION  OF  AIRCRAFT  POPULATION* 


No.  of  over- 
lapping replies(N) 

Without  "whisper-shout" 

With  "whisper-shout" 

No.  of  air- 
craft within 
20  nmi 

False  alarms 
per  hr 

1 No.  of  air- 
craft within 
20  nmi 

False 
alarms 
per  hr 

3 

37 

4.4x10"® 

148 

1 .8x10"® 

4 

49 

0.29 

196 

1.1 

5 

61 

185 

244 

1 

740 

•k 

j Extracted  from  Table  C-10  of  Appendix  C. 


2.  Tracking  Capacity 


MCAS  maintains  a file  which  stores  the  updated  tracking 
data  for  every  imruder  within  the  20-nmi  surveillance  range. 
The  file  also  contains  data  for  every  acquired  false  track 


ui.til  it  Is  dropped  as  a result  of  the  criteria  listed  in  Table 
1 of  Section  III-E-2. 

The  capacity  of  the  MCAS  track  file  must  be  large  enough 
to  accommodate  the  expected  number  of  acquired  tracks,  real 
and  false,  at  any  given  time;  otherwise,  the  system  will  become 
saturated  and  will  be  obliged  to  ignore  some  potential  threats. 
MITRE  has  proposed  that  MCAS  be  designed  to  handle  approximately 
200  tracks  at  a time. 

In  Appendix  C a lower  bound  on  the  total  track  load  which 
the  MCAS  file  must  be  able  to  accommodate  is  calculated.  The 
result  for  a number  N of  overlapping  replies  equal  to  3 is  77 
tracks,  for  N = it  is  206  tracks,  and  for  N = 5 it  is  1726 

tracks.  Thus,  it  would  appear  that  the  proposed  MCAS  track 
file  will  be  saturated  when  the  number  of  overlapping  replies 
is  as  large  as  4. 

3 . Impact  of  Pulse  Jitter 

In  order  to  achieve  reliable  altitude  pulse  detection  in 
the  presence  of  excessive  pulse  Jitter  (beyond  the  ±0.1  psec  of 
the  ATCRBS  specification),  MITRE  has  incorporated  "or"  logic 
which  declares  the  presence  of  an  altitude  pulse  when  either 
one  of  two  detections,  0.121  ysec  apart,  exceeds  the  detection 
threshold.  When  this  feature  is  Included  in  the  analysis,  in 
Appendix  C,  it  is  found  that,  for  four  overlapping  replies,  the 
false  alarm  rate  is  Increased  17  times  (relative  to  the  results 
in  Table  ^ for  four  overlapping  replies)  while  the  average 
track  load  is  Increased  from  206  to  340. 

D.  RANGE  TRACKING 

The  MITRE  BCAS  employs  the  so-called  a-6  tracker  to  main- 
tain range  tracks  after  acquisition.  The  a-6  tracker  is  a com- 
puter algorithm  which,  on  the  basis  of  range  measurements, 
estimates  range  and  range  rates  and  predicts  these  for  the 
subsequent  interrogation-reply  sequence.  Tracker  inputs  are 
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range  measurements  obtained  from  detected  brackets  of  succes- 
sive replies,  and  measurement  errors  are  produced  by  garble, 
pulse  Jitter,  and  clock  quantization  errors. 

An  analysis  of  the  performance  of  the  a-6  tracker  is 
given  in  Appendix  G.  Errors  from  multipath  and  receiver  noise 
are  not  included  in  this  analysis. 

Two  mechanisms  for  range  track  disruption  have  been  exam- 
ined in  Appendix  G;  (1)  interrogator-intruder  relative  accel- 
erations encountered  during  turns  such  as  specified  in  ANTC-117 
(i.e.,  0.5g  per  aircraft),  and  (2)  track  pull-off  by  a cross- 
ing aircraft  whose  range  may  sweep  through  the  range  window  of 
the  intruder  under  track.  In  the  first  instance,  the  combined 
errors  due  to  acceleration,  lag  in  the  tracker  and  the  range 
measurement  errors  may  place  the  extrapolated  range  window  (or 
gate)  outside  the  intruder  range.  In  the  second  instance,  the 
range  track  may  be  transferred,  inadvertently , to  a crossing 
aircraft  whose  reply  signal  is  stronger  th?  a that  of  the  intrud- 
er and  whose  range  rate  is  close  enough  to  that  of  the  Intruder. 
Furthermore,  if  the  altitude  code  of  the  crossing  aircraft  is 
not  rejected  by  the  data  processing  logic  then  the  pull-off 
remains  undetected  and  the  intruder  track  is  lost.  Thus,  the 
probability  of  undetected  pull-off  during  30  sec  (needed  for 
track  establishment)  prior  to  alarm  is  a lower  bound*  on  the 
probability  of  false  dismissal  of  legitimate  threats. 

The  basic  limitations  of  EGAS  are  illustrated  by  three 
design  cases.  In  Case  A,  the  tracker  is  optimized  for  acceler- 
ating encounters;  in  Case  B,  the  tracker  parameters  are  modi- 
fied to  decrease  the  probability  of  undetected  pull-off;  while 
Case  C examines  the  consequences  of  programmed  gate  size  in- 
creases. In  each  case  the  aircraft  population  is  assumed  to 

^Undetected  pull-off  is  only  one  mechanism  producing  false  dis- 
missals. 
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produce  a reply  overlap  of  N = 4.  This  means  that  49  aircraft 
can  be  within  20  nmi  (instrumented  MCAS  range)  of  the  inter- 
rogator, if  no  whisper-shout  is  employed,  or  195  aircraft  when 
a four-fold  Improvement  is  postulated  for  whisper-shout.  The 
latter  is  still  below  the  4l2  aircraft  projected  by  FAA  for 
the  Los  Angeles  terminal  area  in  the  1980s.  The  specific  de- 
sign cases  are  as  follows: 

Case  A.  This  case,  shown  in  Table  5,  Illustrates  the  per- 
formance attainable  when  the  a-6  parameters  are  optimized  to 
minimize  the  probability  of  track  disruption  under  accelerat- 
ing encounters.  This  probability  was  thus  reduced  to  a rela- 
tively low  4 percent  but  the  probability  of  undetected  pull-off 
turned  out  to  be  a relatively  high  19  percent.  In  a qualita- 
tive sense,  the  result  is  not  unexpected;  the  range  rate  dif- 
ference between  a crossing  aircraft  (with  a dominant  signal) 
and  the  Intruder  acts  as  an  apparent  acceleration  of  the  in- 
truder. Consequently,  a tracker  designed  to  follow  an  acceler- 
ating Intruder  will  also  tend  to  follow  a dominant  crossing 
aircraft . 

Case  B,  shown  in  Table  5,  Illustrates  the  problems  encoun- 
tered when  the  a-g  parameter  pairs  are  readjusted  to  decrease 
undetected  pull-offs  (results  for  other  pairs  are  shown  in 
Table  G-2  of  Appendix  G).  In  this  case,  the  tracker  has  no 
capability  during  accelerations  of  0.5g  per  aircraft,  specified 
by  ANTC-117.  If,  on  the  other  hand,  the  acceleration  does  not 
exceed  0.2g,  then  the  probability  of  track  loss  decreases  to 
50  percent. 
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TABLE  5.  TRACKER  PERFORMANCE  AS  A FUNCTION  OF 
a-6  PARAMETERS,  USING  A ±240  FT  WINDOW 
(Extracted  from  Table  G-4  of  Appendix  G) 

Conditions:  (1)  Number  of  overlapping  replies  = 4 

(2)  Aircraft  population,  within  20  nml,  for  the  above 
overlap  Is  49  without  "whisper-shout,"  and  195 
with  "whisper-shout." 


Case  A optimizes  a-B  parameters  to  minimize  track 
disruption  during  acceleration. 

Case  B sacrifices  performance  during  acceleration 
In  order  to  reduce  undetected  pull -off  probability 
(other  cases  are  shown  in  Table  2 of  Appendix  6). 


Case  A 

Case  B 

Tracker  performance 

a = 0.4746 
6 = 0.6 

a = 0.1348 
6 = 0.05 

Probability  of  range  track 
disruption,  per  interroga- 


tion,  during  acceleration* 

n 

100% 

Probability  of  undetected 
pull-off  during  30  sec 

19% 

7.8% 

I *0.5g  turn  per  aircraft,  as  specified  by  ANTC-117. 


Case  C postulates  gate-size  control  logic,  which  upon 
loss  of  a reply  within  the  normal  gate  size,  480  ft,  Increases 
the  gate  to  600  ft.  Furthermore,  the  additional  120  ft  are 
all  applied  in  the  direction  of  the  expected  tracking  error  for 
closing  accelerations.  Also,  the  a-6  parameters  used  in  Case 
B were  modified  to  6 = 0.1  and  a = 0.1175  (corresponding  to  a 
tracker  settling  time  of  16  sec),  the  reasons  being  that  (1) 
the  Increased  gate  size,  from  480  to  600  ft  produced  no  signi- 
ficant improvement  in  Case  B performance  during  accelerating 
encounters  and  (2)  the  change  in  a-6  parameters  together  with 
the  Increased  gate  size  produced  some  improvement  in  accelera- 
tion tracking  with  only  a slight  Increase  in  pull-off  probabil- 
ity from  7.8  percent  to  8.3  percent.  The  resultant  track  loss 
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probabilities  in  accelerating  encounters  were: 

1.  8 . percent  when  only  one  aircraft  is  acceler- 
ating at  0. 5g. 

2.  50  percent  or  more  when  both  aircraft  were 
accelerating,  depending  on  the  relative  time 
and  build-up  of  acceleration. 

This  represents  a significant  improvement  over  Case  B.  However, 
the  Increased  gate-size  control  logic  used  in  Case  C impacts 
the  false  alarm  rate.  Any  logic,  which  increases  the  gate  size 
upon  loss  of  a reply,  or  replies,  is  also  operative  during 
false  tracks  and  Improves  the  false  track  survival  probability. 
Whereas,  a fixed  gate  size  of  ^180  ft  produced  a false  alarm 
rate  of  1.1  per  hour,  the  use  of  Increased  gates,  although 
limited  to  600  ft,  produced  62  alarms  per  hour. 

The  present  study  did  not  uncover  any  usable  a-B  parameter 
pair  which  can  Insure  reliable  tracking  in  accelerating  encoun- 
ters (0.2g  to  0.5g  turn  per  aircraft)  without  a severe  penalty 
in  false  dismissals  due  to  undetected  track  pull-offs  during 
non-accelerating  encounters.  Attempts  to  improve  tracking 
through  programmed  gate  size  increases,  produced  very  high 
false  alarm  rates. 

MITRE  is  experimenting  (by  computer  simulation)  with  a. 
number  of  a-6  parameter  pairs,  one  of  which  is  represented  in 
Case  B in  the  preceding  discussion.  Furthermore,  some  form  of 
programmed  gate  increase  will  be  included  in  MCAS  to  account 
for  range  error  buildup  during  track  coasts.  However,  the 
exact  logic  which  triggers  the  Increase  and  the  size  of  that 
increase  is  not  yet  clear.  In  any  case,  the  same  logic  would 
be  operative  during  a false  track  and  would  therefore  increase 
its  survival  probability.  The  ultimate  effect  is  an  increase 
in  the  false  alarm  rates  above  the  values  computed  in  Appendix 
C.  The  latter  analysis  is  based  on  a constant  range  gate, 

±240  ft,  and  consequently  provides  only  a lower  bound  on  the 
false  alarm  rate. 


VII.  CONCLUSIONS 


The  dominant  source  of  performance  limitation  for  the  MCAS 
is  synchronous  garble,  i.e.,  mutual  interference  of  ATCRBS  trans- 
ponder replies  stimulated  by  an  MCAS  interrogations.  Asynchro- 
nous garble,  i.e.,  interference  caused  by  replies  stimulated  by 
other  Interrogators — both  other  MCAS  and  ground  secondary  sur- 
veillance radar  (SSR)  Interrogators — is  less  serious  but  still 
enhances  the  effects  due  primarily  to  synchronous  garble.  Con- 
sequently, garble  has  dominated  the  design  of  MCAS.  The  design 
includes  direct  means  to  partially  suppress  the  garble  and,  in 
addition,  includes  a sophisticated  tracker  to  overcome  the  re- 
sidual garble  after  partial  suppression.  The  measures  of  per- 
formance of  the  MCAS  in  the  presence  of  garble  are  the  rate  of 
generation  of  false  tracks,  the  probability  of  dropping  real 
tracks  due  to  tracker  saturation  or  real  track  interruption, 
and  the  probability  of  delaying  the  initiation  of  tracking  for 
a real  target . 

MITRE  has  estimated  (but  has  not  provided  substantiation 
of  the  estimate)  that  the  tracker  design  can  operate  satisfac- 
torily with  a residual  synchronous  garble  level  corresponding 
to  that  generated  by  an  average  of  N = 4 aircraft  per  1.64L  nml 
in  range.  A range  Increment  or  range  cell  of  1.644  nml  corre- 
sponds to  a round-trip  propagation  delay  of  20.3  ys,  which  is 
the  length  of  an  ATCRBS  transponder  reply  message.  Since  the 
whisper-shout  garble  suppression  technique  partitions  the  air- 
craft in  each  range  cell  into  four  groups,  and  the  maximum  in- 
strumented range  of  the  MCAS  is  20  nml  (19.73  nml  = 12  range 
cells),  the  maximum  number  of  aircraft  that  could  exist  with 
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N = 4 and  perfect  wh : sper-.^hout  par^  1 ticni  n^’;  (l.e.  four  equa' 
groups)  would  be  abo  it  200  aircraf'.  . rowever*,  'lie  number  of 
aircraft  a rang.-  cell  Is  not  expected  to  b-..-  a constant,  nr'r 
Is  the  partitioning  of  the  al.  craft  v l hln  ■;  rar.gf  cell  expe''t<rd 
to  be  perfect,  so  that  the  expected  nvnber  per  laititioned  c-31 
may  exceed  the  average  number  M = 4 in  some  casrs  even  v;hen  'he 
number  of  aircraft  is  200  or  Less. 


For  comparison  with  a total  number  of  '^00  ..ircraft:  a- 

PAA  static  model  of  the  projected  traffic  in  the  1 os  Angeles 
(LAX)  basin  for  1982,  which  was  used  in  previous  'DA  CAS  stud- 
ies, has  412  aircraft  within  20  nmi . The  d-^nsity  varies  Ir. 
this  model:  the  average  number  of  air -raft  is  10  over  the  f:r"t 

range  cell  (0-1.64  nml),  40  over  the  range  '.ni’erval  from  6.6 
to  l6.4  nm.i  (6  range  cells),  and  34  aircraft  in  the  farthest 
range  cell  (l8 . 08-19 . nmi).  It  is  c.ertair.  that  the  MCAS 
would  not  perform  satisfactorily  in  t'r.is  envirorjfie-nt  by  any  c;f 
the  m.easures  cited  above  unless  additional  garble  suppresslor: 
im-jirovement s are  provided. 

IDA  has  found  that,  at  an  average  ■■■alue  of  N = 4 and  as- 
suming a garble  suppression  technique  that  partitions  the  poy,-'- 
ulation  into  four  groups,  the  false  alarm  rate  would  be  abou 
one  per  hour  for  196  aircraft  uniformly  disi-rlbuted  over  20 
nmi.  If  the  traffic  increases  by  2p  yercen-  to  24  I the  false 
alarm,  rate  would  exceed  ?40  per  hour. 


Because  of  the  generation  of  false  tracl's  for  the  case 
rl  = 4,  the  exc'ected  tracking  load  for  MCAS  v/ill  be  somewhat 
.arger  t:'«n  the  200  tracks  that  MITRE  has  estimated  as  its 
probable  capacity.  Thus,  it  is  likely  chat  the  system  will  be 
ofte.u  saturated  in  garble  environments  any  higher  than  this. 

The  expected  warning  delay,  in  general,  shoul-1  be  small 
enough  to  provide  adequate  time  for  escape  n.aneuvers  in  a 
threatening  encounter  with  an  intruder  that  ente-s  the  MCAS 
surveillance  region  at  the  20  nmi  ranme  unless  tne  intruder's 


closing  rate  is  very  high,  e.g.,  higher  than  about  1500  ft/sec. 
The  warning  delay,  however,  will  be  too  large  for  MCAS  to  reach 
its  design  goal  of  responding  with  adequate  time  to  a I65O  ft/ 
sec  closing  speed  encounter. 

Pop-up  targets,  l.e,,  intruders  that  enter  the  surveillance 
region  at  shorter  ranges  than  20  nmi,  will  cause  warning  delay 
problems.  For  such  Intruders,  MITRE  has  proposed  relaxing  the 
condition  of  30  interrogations  (30  sec)  including  acquisition 
now  required  by  MCAS  for  track  establishment.  MITRE  proposes 
that  if  four  garble-free  replies  in  succession  are  available 
that  a track  be  established  immediately.  This  approach  does 
not  appear  to  be  feasible  in  dense  traffic  because  of  the  hign 
probability  of  garble  replies.  The  expected  false  track  acqui- 
sition rate  seems  to  conflict,  in  principle,  v;ith  this  kind  of 
solution . 

When  the  Intruder  is  accelerating  relative  to  the  MCAS  a 
track  may  be  lost  because  of  range-tracking  parameter  estima- 
tion and  range-gate  positioning  errors.  A track  may  also  be 
lost  because  of  pull-off  by  a crossing  aircraft.  If  the  a-6 
parameters  of  the  range-tracking  algorithm  are  optimized  to  in- 
sure against  track  disruption  because  of  acceleration  the  prob- 
ability of  undetected  pull-off  will  be  high.  If  the  parameters 
are  adjusted  to  reduce  the  probability  of  an  undetected  pull- 
off,  the  maximum  acceleration  which  MCAS  can  accommodate  will 
be  well  below  ('v-  0.2g)  the  1/2  g per  aircraft  specified  by 
ANTC-117.  An  investigation  of  these  effects  shows  that  it  is 
extremely  difficult,  if  not  impossible,  to  select  the  a-6  param- 
eters to  provide  satisfactory  performance  simultaneously  against 
both  effects. 

Range-gate  size  control  logic  which  would  increase  the 
gate,  e.g.,  from  ^80  ft  to  6OO  ft,  when  a reply  is  lost  within 
the  normal  gate  can  Improve  the  trade-off  between  track  loss 


of  the  resulting  Increase  In  the  false  track  survival  probabil- 
ity. 


The  effect  of  garble  In  producing  false  altitude  coded 
replies  Is  not  Included  quantitatively  in  the  MCAS  perfcrnance 
estimates  given  in  this  report.  False  altitudes  will  undoubted- 
ly increase  both  the  false  warning  rate  and  warning  loss  for  the 
system. 
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ORDER 


DEPARTMENT  OF  ' . - \ 

FEDERAL  AVIATIO?'^'  At' VnN  i.k  . | 1010. 51A 

8 Mor  71 


SELECTION  ORDER:  U,  S.  NATIONAL  AVIATION  STANDARD  EOR  THE  MARK  X 

SUBJ:  (SIF)  AIR  TRAFFIC  CONTROL  RADAR  BEACON  SYSTEM  (ATCRBS)  CHARACTERISTICS 


1.  PURPOSE.  This  Order  revises  the  ATCRBS  Standard  in  the  following 
respects: 

a.  A relaxation  in  the  level  of  transponder  self-test  Interrogation 
signal  from  -70  dBm  to  -40  dBm. 

b.  A relaxation  in  transponder  spurious  radiation  from  -70  dB  below  one 
watt  to  a recommendation  that  CW  spurious  radiation  be  limited  to 
-70  dB  below  one  watt. 

c.  Transponder  desensltlzation  action  has  been  clarified. 

2.  CANCELLATION.  Order  1010.51  dated  10/10/68  is  cancelled. 

3.  REQUIREMENT.  The  National  Airspace  System  will  utilize  ATCRBS,  including 
the  revised  transponder,  as  a primary  data  acquisition  source  for  air- 
craft position,  identity,  and  pressure-altitude  data. 

4.  SELECTION  DECISION.  The  ATCRBS  Standard  described  in  Paragraph  5 of  this 
Order  has  been  shown  to  be  responsive  to  the  requirement  stated  in 
Paragraj;^  3.  Accordingly,  it  is  hereby  selected  for  Incorporation  in  the 
National  Airspace  System,  pursuant  to  Section  312(c)  of  the  Federal 
Aviation  Act. 

5.  DESCRIPTION.  The  attached  National  Standard  for  ATCRBS  specifies  the 
performance  required  of  each  component  to  meet  the  overall  operational 
requirements  of  the  common  civil/military  system.  It  specifies  the  tech- 
nical parameters,  tolerances,  and  techniques  to  the  extent  required  to 
ensure  proper  operation  and  compatibility  between  elements  of  the  ATCRBS. 

The  Radio  Technical  Commission  for  Aeronautics  (RTCA)  Sub-Committee  116B 
has  completed  a report  on  Minimum  Operational  Characteristics  (MOC)  for 
airborne  ATCRBS  transponders.  This  report  is  not  compatible  with  the 
National  Standard  in  three  areas.  An  RTCA  Ad  Hoc  Group  on  Proposed 


OUMbwNen:  W-1  (minus  AS/AT/FS/LG/NS/RD/SM/FI/BU) ; Initiated  by:  RD-242 

WAS/AT/FS/LG/NS/RD/SM/FI/BU-3; 

RAF/AT/AS/FS-2;  CFS/PR-2;  CAY-3;  M-2;  ~ - ‘ 

PTuiCaDI.'C  Pa BLANK. ivCT  FIL'-Ci'^ 


A- 3 


Page  2 


1010. 51A 
3/8/71 


Qiangea  to  the  U.  S.  National  Standard  on  ATCRBS  has  reconmended  that 
the  Standard  be  revised. 

The  relaxation  of  transponder  self-test  Interrogation  signal  and  spuri- 
ous radiation  does  not  conflict  with  the  International  Civil  Aviation 
Organization  (ICAO)  Standards  and  Recommended  Practices  for  Secondary 
Surveillance  Radar  (SSR) . 

The  wording  which  describes  transponder  desensltlzation  has  been  revised 
In  accordance  with  the  RTCA  document  to  clarify  the  desired  action.  This 
does  not  change  the  substance  of  the  paragraph  from  the  previous  wording. 

The  attached  Standard  Is  revised  In  accordance  with  the  above  recommenda- 
tions. Paragraphs  2. 7. 7.1,  2.7.16.2,  2.11.1,  and  2.11.1.1  are  marked 
with  an  asterisk  to  Indicate  the  changes. 

6.  INITIAL  IMPLEMENTATION  CRITERIA.  The  National  Standard  for  ATCRBS  shall 
be  used  as  the  basic  document  for  defining  the  technical  parameters, 
tolerances,  and  performance  of  all  ATCRBS  components. 

7.  DIRECTED  ACTION.  Subject  to  applicable  rulemaking,  programming,  and 
budgetary  procedures,  action  shall  be  taken  by  the  elements  of  the  agency 
concerned  to  Implement  this  selection  In  accordance  with  the  foregoing 
Initial  Implementation  criteria. 

J.  H.  Shaffer 
Administrator 
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U.S.  NATIONAL  STANDARD 
FOR 

THE  IFF  MARK  X (SIR/AIR  TRAFFIC  CONTROL 
RADAR  BEACON  SYSTEM  CHARACTERISTICS 


1.  GENERAL. 

1.1  Syslem  Charocteri*tic$. 

1.1.1  1'nder  Public  Law  8r>-726.  tlie  Federal 
Aviation  Administration  is  charged  with  pro- 
viding for  the  regulation  and  promotion  of  civil 
aviation  in  such  manner  as  to  best  foster  its 
development  and  safety,  and  to  j)rovide  for  the 
safe  and  efficient  u.se  of  the  airspace  by  both 
civil  and  military  aircraft,  and  for  other  pur- 
poses. E.xplicitly,  the  Administrator  shall  de- 
velop, modify,  test,  and  evaluate  systems,  pro- 
cedures. facilities,  and  devices,  as  well  as  define 
the  performance  characteristics  thereof,  to  meet 
the  needs  for  safe  and  efficient  navigation  and 
traffic  control  of  all  civil  and  military  aviation 
oi^erating  in  a Ccnimon  Civil, /Military  System 
of  Air  Navigation  and  Traffic  Control. 

1.1.2  A System  Characteristic,  the  logical 
result  of  such  development  effort,  specifies  the 
performance  required  of  a component  (or  sub- 
system) to  meet  the  overall  operational  require- 
ments of  the  System.  It  specifies  the  technical 
parameters.  toU"ances.  and  techniques  to  the 
extent  required  to  insure  proper  operation  and 
compatibility  between  elements  of  the  National 
Airspace  System. 

1.1.3  If  optimum  performance  is  to  be  ob- 
tained. these  System  Characteristics  must  be 
met  by  all  civil  and  military  users  of  the  Air 
Traffic  Control  Radar  Heacon  System  under  all 
e.xpected  operating  conditions.  It  is  recognized 
that  certain  existing  equipment  does  not  comply 
with  all  re((Hirement.s  of  these  characteristics. 
Since  such  equipment  may  degrade  the  quality 
of  service  to  all  usei-s.  it  is  cxi>ected  that  its 
usage  will  be  phased  out  as  soon  as  practicable. 


1.2  System  Characteristics  and  Goidonce  Ma- 
terial. 

1.2.1  The  System  Characteristics  and  Guid- 
ance .Material  pioxided  herein  are  restricted  to 
those  system  elements  which  must  be  treated  in 
a uniform  manner  by  all  concerned,  both  civil 
and  military,  if  the  IFF  Mark  X (SIF)/Air 
Traffic  Control  Radar  Beacon  System  is  to  func- 
tion satisfactorily.  In  this  connection,  it  is 
necessary  to  define  closely  many  characteristic.s 
of  the  airborne  component  of  the  system  (trans- 
ponder). The  system  composed  of  the  Mode  3 
portion  of  the  IFF  Mark  X (SIF)  and  Modes 
A and  C of  tiie  .bir  Traffic  Control  Radar  Beacon 
System  shall  be  referred  to  herein  as  ATCRBS. 

1.2.2.  The  following  are  the  modes  provided 
by  the  system,  and  their  associated  functions ; 

Mode  1 — For  Military  use. 

Mode  2 — For  Military  use. 

Mode  3/A — To  initiate  transponder  response 
for  identification  and  fracking. 

Mode  B — In  some  parts  of  the  world,  during 
a transition  period,  to  initiate  transponder 
response  for  identification  and  tracking. 

Mode  C — To  initiate  transponder  responses 
for  automatic  pressure  altitude  transmission. 

Mode  I) — For  future  expansion  of  the  system 
to  satisfy  operational  requirements  that  may 
be  agreed  by  tlie  International  Civil  .Aviation 
Organization.  No  functional  need  for  Mode 
I)  has  be<m  defined. 

1.2.3  The  Air  Traffic  Control  (.LTC)  System 
will  use  Mode  3/.V  with  40fHl  identify  codes  and 
Mode  C with  pressure  altitude  transmission  in 
lOD-foot  increments  in  providing  separation 
service  to  both  military  and  civil  aircraft,  Tiiere 
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are  no  j)laus  for  us»‘  of  MihIi's  H nnd  I)  in  tin- 
United  Stateb. 

1.2.4  The  AT(’  System  will  pixixnli-  vii.'tl 
su|)iK»rt  to  military  o(>erarioii  diirinir  iienuiN-  of 
national  eiueiyeniy  lliroujih  tin-  euntimied  .\T(' 
use  of  Modes  3 'A  and  C 

1.3  Operational  Requirements. 

Revised  oiH-nit ioiial  rcijuirements  for  the  C'oin- 
moil  System  .\T('HHS  were  orifriiially  estab- 
iislied  by  tlie  President Air  ( 'oordinatinp 
Committee  in  Pajier  A('C  5!l  2H.1-1  dated 
February  *24.  19r>3.  which  emloi-sed  the  rc-om- 
mendations  of  the  Joint  Chiefs  of  Staff.  Joint 
Communications-Electronics  Committee  as  set 
foilh  in  their  memoi'andum  CKCM  .>8-53.  Case 
386-<j.  dated  January  1.5,  lf)53.  Tliese  recom- 
mendations were  subsequently  modified  by  classi- 
fied corresjiondence  to  include  a recofrnition  of 
the  64-code  capability  of  the  ATCRPS  and  to 
provide  for  compatibility  with  the  Military  IFF 
Mark  X System.  Common  System  Component 
Characteristics  for  the  ATCRH.S  were  e.stablished 
by  the  President's  Air  Coordination  Committee 
in  Paper  ACC  50,  20.4  dated  September  1057. 
.Compatible  system  characteristii's  were  approved 
by  the  International  Ci>  il  .Aviation  Organization 
(ICAO).  Sixth  Communication  Division,  and 
published  in  the  International  Standards  and 
Recommended  Practices  Aeronautical  Telecom- 
munications. Annex  10.  Fifth  Edition  dated 
October  UI58.  Three-pulse  side  lobe  suppression, 
automatic  pressure-altitude  transmission  and 
other  improvements  were  recommended  t>y  the 
ICAO  Seventh  Communications  Division  and 
included  in  the  re])ort  of  the  Seventh  Session 
dated  February  9,  1962.  At  the  IC.AO  ('OM  ' 
OPS  Meeting  in  1966.  the  three-jmlse  method 
was  designated  as  the  sole  means  of  side  lobe 
suppression  and  4096  identity  codes  were  rai.se.d 
to  Standards.  A standard  of  correspondence 
(paragraph  2.7.13,2.5)  was  established  for  auto- 
matic pressure-altitude  transmission  and  a func- 
tional descrijition  of  the  modes  and  their 
intended  usage  was  defined. 

1.3.1  Compatibility.  The  required  compati- 
bility of  the  Military  Mark  X (.'“'IF)  airborne 
trans]>onder&  with  the  ICAO  SSR  CVTCHHS) 
has  lieen  e.stablished  using  the  Military  .Mode  3 
and  Civil  Mode  A which  are  identical  in  char- 
acteristics. This  mode  of  opei  ition  is  referred 


to  herein  ns  Mode  .3/A.  The  Memorandum  of 
I’ add's!  a ml  mg  between  the  Depariment  of  De- 
feiis«‘  and  thi'  Federal  .Aviation  Administration 
on  the  .lomi  0|>erai ioiial  I'se  of  the  Military 
IFF  .Mark  X (.'8JF)  System  and  the  Common 
.System  Air  Traffic  Control  Radar  Beacon  .Sys-. 
tern,  dated  March  18.  1966,  contains  tiie  agree- 
ment on  the  use  of  Modes  3/.A  and  t'. 

1.3.2  System  Coverage.  The  ATCRBS  is 
intended  to  pnn  ide  the  air  traffic  controller 
with  continuous,  rdialile.  and  accurate  informa- 
tion concerning  tlie  plan-position  (rho-theta), 
altitude,  and  identity  of  any  or  all  equipped 
aircraft  iu  the  aircjiace  under  his  control.  AVith 
a properly  sited  -Air  Traffic  Control  Radar 
Beacon  Interrogator- Receiver  and  other  units 
having  characteristics  as  stated  herein,  the 
ATCRBS  will  provide  spatial  line-of-sight  cov- 
erage equal  to  or  greater  than  the  following 


limits : 

a.  Range  1 to  '200*  nautical  miles 

b.  Elevation  to  45°  above  the 

horizontal  plane 

c.  Altitude Limited  only  by  service 

ceiling  of  aircraft 


•IiiteiTogarors  liaviaj;  limited  range  may  be  emplo.ved 
at  many  iocalions. 

AVhile  it  is  iiece^isary  to  establish  si>ecific  stand- 
ards for  the  airborne  components  of  the  System 
and  to  define  the  characteristics  of  the  radiated 
signals  from  both  the  interrogator  and  trans- 
ponder. the  power  and  sensitivity  requireineiitB 
for  the  interrogator-receiver  may  be  modified  on 
the  basis  of  the  intended  usage  with  due  regard 
for  the  precautions  outlined  in  the  guidance 
material. 

1.3.3  System  Accuracy.  The  system  accuracy 
is  determined  by  the  characteristics  of  the  ATC 
lieacon  interrogator-receiver  (including  its  an- 
tenna). traiispoiuler.  altimeter  and  transducer, 
ground  processing  equipment,  and  the  associated 
disjilay.  AVith  equi[>nient  of  present  day  design 
meeting  the  characteristics  stated  herein, 
ATf^RBS  is  capable  of  providing  data  within 
(he  following  accuracies: 

n.  Range:  irlOOO  fwt. 
b.  Azimuth:  ztl.O  degree 
c .Allitude  ('orresi)ondence : AVithin  :±1'25 
feet,  on  a 95  iieivent  prolmbility  basis,  with 
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the  pressure  altini<le  informal  ion  (refer- 
enced to  the  stamlai’d  pressure  .settiiifr  of 
li'.i.nj  inelies  of  inen'iiry)  nsed  on  l)oard  the 
aircraft  to  adhere  to  the  assi^rned  fli”lit 
profile. 

1.3.4  Identification  Coding 

1. 3.4.1  The  Al'C'UHS  is  a valuable  tool  for 
ideutifyiiif;  aircraft,  as  well  as  for  providiii'r 
radar  tar<ret  reinforcement. 

The  inherent  ca]ial)ility  of  tlie  system  to  pro- 
vide radar  iiieiitificat ion  of  ]»articiiiatinfr  aircraft 
will  be  utilized  to  provide  the  controller  with 
the  s|iecitic  radar  beacon  tar<ret  identity  of  those 
aircraft  etpiipped.  The  clniracteristics  specified 
herein  provide  for  40%  discrete  reply  eodes. 
In  addition  to  tlie  4090  discrete,  rejily  codes,  a 
Special  Position  Identification  (SPI)  pulse  is 
available  for  transmi.s.sion  upon  reipie.st  of  the 
control  agency,  on  any  mode  except  Mode  C. 

1.3. 4. 2 Two  codes  shall  be  resened  for  trans- 
mission of  distinct  emergency  and  radio  com- 
munications failure  indications. 

1.3. 4. 2.1  f'ode  7700  shall  be  used  on  Mode 
3 A to  pvo\  ide  recognition  of  an  aircraft  in  an 
emergency. 

Note. — Some  existing  mllitaiy  tianspoiKleis  traiis- 
niil  four  trains  of  the  code  in  u-se  as  an  enierRency 
re[)ly.  Otlier  military  transponders  transmit  the 
code  in  ns(-  followed  by  tlirt-e  trains  of  Code  (kkkI 
as  the  emergency  i-eply.  New  miiitary  transponders 
will  transmit  Code  7T(K|  followed  by  three  trains  of 
Code  UOOti  as  an  emerirency  reply. 

1.3.4.2.2  ('ode  7000  shall  be  used  on  Mode 
3/A  to  provide  recognition  of  an  aircr.ift  witli 
mdio  communications  failure. 

1.3.5  Altitude  Transmission.  The  system  jiro- 
t ides  for  autoniiitic  itressure-aUitude  data  trans- 
mission in  foo-foot  increments  from  —1000  feet 
to  120.700  feet. 

1.3. 5.1  Tliis  ]>ressure  altitude  data  transmis- 
sion rajiahility  will  be  used  to: 

o.  Ileduce  the  volume  of  communications  he- 
tween  controllcis  and  pilots  by  obviating  the 
need  for  ond  altitude  reports. 

b.  Improve  utilization  of  airspace  in  connec- 


tion wiili  the  pi'oi  isioii  of  AT('  serv  ices  to 
cliiiiliiiig  anil  de.sceinliiig'  aiicraft. 

e.  Kiiable  the  coni i nllci-.  when  de^iralile.  to 
assure  himself  that  veriical  se])aiatioii  between 
two  aircraft  is  being  maintaiiied. 

d.  Provide  AT('  an  iiniifovcd  means  of  de- 
termining wlien  greater  vertical  .sejiaratioii  is 
rcrpiired  cine  to  tnibnlence. 

e.  Improve  tlie  integrity  of  tlie  .Vir  Trafiic 
(^ontrc)l  Kadar  Beacon  .'System  (AT('i;B.'4)  for 
ATC  pui'\ioses  by  utitoiuatically  displaying  to 
tlic  controller  the  targets  and  altitudes  or  flight 
levels  of  aircraft  in  or  near  the  airsiiace  under 
Ids  jurisdiction  wliicli  arc  not  otherwise  selected 
for  display. 

f.  Heducc  tlie  niniiher  of  advisories  and  traflic 
avoidance  vectors  rec|iiired  in  the  jirovision  of 
radar  traffic  inforination  and  vectoring  sen  ice. 

g.  Imiirove  -VTC  efficiency  in  serving  higli 
performance  aircraft  during  crnise-climli  iiroblcs. 

h.  At  a future  date,  eiiahle  iiutoniatic  jiredic- 
tioii  of  jirojected  flight  conflicts  in  elevation  using 
electronic  data  i>rocessiiig  systems. 

1.4  ATCRBS  System  Description. 

The  .System  consists  of  airborne  transponders, 
ground  interrogator-receiver,  prex-e-ssing  eqiii])- 
ment,  and  an  antenna  .sy.sfem.  Tlie  antenna  may 
or  may  not  lie  associated  with,  or  slaved  to.  a 
primary  surveillance  radar.  In  operation,  an 
interrogation  jnilse-groni)  transmitted  from  the 
interrogator-transmitter  unit,  via  an  antenna 
assenihly.  triggers  each  airborne  transponder 
located  in  the  direction  of  tlie  main  beam,  causing 
a nndtiple  pulse  reply  group  to  he  transmitted 
from  eacli  transjionder.  These  rejilies  are  re- 
ceived by  the  ground  receiver  and,  after  jjroce.ss- 
ing,  are  displayed  to  the  controller.  Measurement 
of  the  rouiid-tri])  transit  time  determines  the 
range  (rho)  to  the  rejilying  aircraft  while  the 
mean  direction  of  the  iiiiiiii  beam  of  the  inter- 
rogator antenna,  during  the  reply,  determines 
the  azimutli  (tliefa).  Tlie  arrangement  of  the 
multiple-pulse  reply  jirovides  individualized 
pressure  altitude  and  identity  information  per- 
taining to  the  resiiondiiig  aircraft.  Tlic  AT('I\’B-S 
is  tlie  preferred  means  of  obtaining  airiTafi 
three  dimensional  position  and  identification 
data  in  the  National  Airsiiace  System. 
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7.  SYSTEM  CHARACTERISTICS 


2.1  Interrogation  and  Control  (Interrogation  Side 
Lobe  Suppression)  Radio  Frequencies  (ground- 
to-air). 

2.1.1.  Center  frequency  of  the  interrogation 
and  control  transmissions  shall  be  1030  MHz. 

2. 1.1.1  Tlie  frequency  tolerance  shall  be  ±0.2 

MHz. 

2.1.2  Center  frequencies  of  the  control  trans- 
mission and  each  of  the  interro^ration  pulse 
transmissions  shall  not  differ  from  each  other  by 
more  than  0.2  MHz. 

2.2  Reply  Radio  Frequency  (air-to-ground). 

2.2.1  Center  frequency  of  the  reply  trans- 
mission shall  be  1090  MHz. 

2. 2. 1.1  The  frequency  tolerance  shall  be  ±.3 

MHz. 

2.3  Polarization. 

2.3.1  Polarization  of  the  interrofrntion,  con- 
trol, and  reply  transmi.ssions  .shall  be  i)redomi- 
nantly  vertical. 

2.4  Interrogation  Modes  (signals-in-spacel. 

2.4.1  The  interropjation  shall  consist  of  two 
transmitted  pulses  designated  P,  and  Ps.  A 
control  ptil.se  Pj  shall  lie.  tiansmitted  following 
the  first  interrogation  pnl=e  P, 


2.4.2  The  interrogation  modes  shall  be  as 
defined  in  2.4.3. 


2.4.3  The  interval,  between  P,  and  Pj,  shall 
determine  the  mode  of  interrogation  and  shall 
be  as  follows : 


Mode  1 
Mode  2 
Mode  .3/A 
Mode  B 
Mode  (' 
Mode  D 


3±0.1  Microseconds 
5±0.2  Microseconds 
S±.0.2  Microseconds 
17±0.2  Microseconds 
21  ±0.2  Microseconds 
25±0.2  Microseconds 


2.4.4  The  interval  between  P,  and  P-  .shall 
be  2.0±0.L'i  microseconds. 


2.4.5  The  duration  of  pulses  Pj,  Pj,  and  P3 
shall  be.  0.8±0.1  microsecond. 


2.4  6 The  rise  time  of  pulses  P,,  P2,  and  P, 
shall  bo  between  0.0.5  and  0.1  microsecond. 

Non:. — The  intent  of  the  lower  limit  of  rise  time 
(0.0.')  inicioseooml)  i.s  to  reduce  sideband  radiation. 
Equiptrienl  will  meet  tlii.s  requirement  If  the  side- 
band ladiation  is  no  greater  than  that  which 
theoretically  would  t>e  produced  by  a trapezoidal 
ware  having  the  stated  ri.sp  time, 

2.4.7  The  decay  time  of  pulses  P,,  Pj,  and 
Pa  shall  be  between  0.05  and  0.2  microsecond. 

Note. — The  intent  of  the  lower  limit  of  decay 
time  (O.Oo  microsecond  I is  to  reduce  sideband 
radiation.  Equipment  wilt  meet  this  requirement 
if  the  sideband  radiation  is  no  greater  than  that 
which  theoretically  would  t)e  produced  by  a 
trapezoidal  wave  having  the  stated  decay  time. 


2.5  Interrogation  and  Side  Lobe  Suppression 
Transmission  Characteristics  (signals-in- 
space). 

2.5.1  The  system  relies  on  pulse  amplitude 
comparison  between  pulses  P,  and  Pj  in  the 
transiionder  to  prevent  response  to  side  lobe 
interrogation.  The  radiated  amplitude  of  P, 
at  the  antenna  of  the  transponder  shall  be  (1) 
equal  to  or  greater  than  the  radiated  amplitude 
of  P,  from  the  greatest  side  lobe  transmission 
of  the  antenna  radiating  P,,  and  (2)  at  a level 
lower  than  9 dB  below  (he  nidiated  amplitude 
of  Pi  within  the  desired  arc  of  interrogation, 
(see  3.2.2). 

2.5.2  Within  the  desired  arc  of  the  direc- 
tional interrogation  (main  lobe),  the  radiated 
amplitudi’  of  T’,  shall  he  within  1 dB  of  the 
radiated  anip’itmte  of  P, 


1 

f 


) 


) 


I 


1010  S1A 
8/3/71 


Attochm«nf  1 
fo9&  5 


2.6  Reply  Transmission  Characteristics  (signals- 
in-space). 

2.6.1  Framing  Pulses.  '1  lie  ri'jily  fund  ion 

sluill  dillilov  ;i  (•om|ii'i>iii>r  two  friiiiiiiio 

juiUt-s  spui  t'li  Miicro'd  uiuU.  11'  tilt*  iiio.'t 

elfiiiditai'y  i-oiU'. 

2.6.2  Information  Poises,  liifoi iimt ion  imkfs' 
sliiill  bes|ia(fil  in  incvdia'iiis  of  l.la  niii'iosivoiuls 
fioin  tJ.e  tii>r  framing  juilse.  The  de.'iouation 
and  pofition  of  tliese  information  [uil.so.s  shall 
be  as  follows: 


I'uisc  l‘o»itinii 

MicfOHt  <‘Oitd  • 

C. 1.4a 

A. 2.h0 

C.  4.;i5 

A, 5.80 

C* 7.25 

A.  8.70 

X 10.15 

B,  11.60 

I), i:l.05 

B, 14.50 

I)j 15.95 

B, 17.40 

D.  18.85 


Note. — Tlie  Standard  relatiiiK  to  the  use  of  the.'e 
pulse.'  is  ^iven  in  1..1.4  and  -.7.13.  However,  the 
position  of  tlie  “X''  pnl.'e  is  .specified  only  as  a 
technical  standard  to  safeKuard  possible  future  use. 
Further  ;ruidance  on  this  matter  is  jtiven  in  3.3.0. 

2.6.3  Special  Position  Identification  (SPI)  Pulse. 

In  addition  to  the  information  itttlses  ))fovided. 
a Siieeial  Position  Identification  pulse,  which 
may  b(‘  transmitted  with  the  information  jntlscs, 
shall  occur  at  a pul'e  interval  of  4.35  micro- 
.seconds  followiiifr  the  last  framing  pulse. 

2.6.4  Reply  Pulse  Shape.  All  re|)1y  pulses 
shall  hiive  a ituhse  duration  of  0.45±0.1(J  micro- 
second, a pulse  rise  time  between  0.05  and  0.1 
microsecond,  ami  a pulse  decay  time  between 
0.05  and  0.2  microsecond.  The  pulse  amplitude 
variation  of  one  pulse  with  resjtect  to  any  other 
pulse  in  a reply  train  shall  not  exceed  1 dB. 

.Note. — The  infeiif  of  the  lower  limit  of  ri.se  and 
dec  ay  times  lO.o."  microsecond  I is  to  reduce  side- 
band radiatioii.  Kquipinent  will  meet  this  require- 
ment If  the  sideband  radiation  Is  no  greater  than 
that  which  tbeoretieail.v  would  l)e  produced  by  a 
tiaiiezoiclal  wave  havirjg  the  stati*d  rise  and  decay 
times. 


2.6.5  Reply  Pulse  Interval  Tolerances.  'I  lie 

pulse  iiiti-iaal  tolerance  for  eac  h pulse  (inc  luding 
the  last  framing  pul'e)  with  re'pect  to  the  lii-'t 
framing  pulse  of  the  reply  gTcnili  shall  be-  c <1.10 
inicro.secoiii).  The  jml.se  iiilen  j loler.mee  of  tlie 
.''jas  ial  Position  Ideiitilication  Piii.se  with  resjieci 
to  the  last  framing  jndse  of  the  rejily  groiiji 
shall  be  g_o.IO  microsecond.  'I'lie  jmise  intenal 
toleraiic’e  of  any  jiulse  in  the  rejily  grcmji  with 
rcsjiect  to  any  olhiT  juilse  (e.xcepi  the  first  fram- 
ing jnil.'e)  sliall  not  e.vceed  ±0.15  microsecond. 

2.6.6  Code  Nomenclature.  The  code  desig- 
nations shall  consist  of  fotir  digits,  each  of  whicli 
lies  between  0 and  7.  inclusive,  and  is  determined 
by  the  sum  of  the  jmlse  subscripts  given  in  2.0.2, 
employed  as  follows: 


Dii/it  Pulse  Onjup 

First  (most  signiticant) A 

Second B 

Third C 

Fourth  1) 


2.6.6. 1 Examples: 

a.  Code  3600  would  consist  of  information 
pulses  Aj.  Aj.  Bj,  and  B^. 

b.  Code  2057  would  consist  of  A™,  C,.  Cj,  D:, 
Do,  and  Dj. 

c.  Code  0.301  woiilcl  consist  of  Bi,  B-.  and  D,. 

2.7  Technical  Characteristics  of  the  Airborne 
Transponder. 

2.7.1  Reply.  When  selected  to  reply  to  a 
jiarficular  interrogation  mode,  the  transjionder 
shall  rejily  (not  less  flian  90%  efficiency)  when 
all  of  the  following  conditions  have  been  met : 

2.7. 1.1.  The  received  ainjilitude  of  P3  is  in 
excess  of  a level  1 dB  below  the  received  lunjjli- 
tude  of  Pi  hut  no  greater  than  3 dB  above  the 
received  amplitude  of  Pj. 

2.7.1. 2 Either  the  received  amjilitude  of  I’l 
is  in  excess  of  a level  9 dB  above  the  received 
amplitude  of  1^.  or  no  pulse  is  receiied  at  the 
position  2±0.7  microseconds  following  Pj. 

2.7.1 .3  The  received  amjilitude  of  a jiroper 
interrogation  is  more  than  10  dB  above  the  re- 
ceived amjilitude  of  random  jiulses  where  the 
latter  are  not  recognized  by  the  transponder  as 
P„  I\,  or  P:,. 

2.7.2  No  Reply.  The  Transponder  shall  not 
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rci>lv  to  moiv  tlmn  of  tlio  iiitiM ofriitioiis 

uiuier  the  following  conditions: 

2.7.2. 1 To  inteiTogiitions  wlicn  the  interval 
betwiH'n  i)iilses  1’,  and  1’,  diHei-s  from  ili.it  sjieci 
tied  in  :i.4.d  for  the  mode  seleeleil  in  tin  tran.s- 
ponder  hy  more  than  _i.  1.0  miero>eeond. 

2.7. 2.2  Tik)ii  receipt  of  anv  single  jinlse 
which  has  no  amplitude  variations  approximat- 
ing a normal  interrogation  condition. 

2.7.3.  Dead  Time.  After  reception  of  a 
proper  interrogation,  the  transponder  shall  not 
reply  to  any  other  interrognition  at  least  for  the 
duration  of  the  i-eply  pulse  train.  This  dead 
time  shall  end  no  later  than  microseconds 
after  the  transmission  of  the  last  reply  juilse  of 
the  group. 

2.7.4  Suppression.  I’pon  receipt  of  an  in- 
terrogation. complying  with  2.4  in  resjiect  of  the 
mode  selected  manually  or  automat  icalh'.  the 
transiiondor  shall  he  sup])re.ssed  (not  less  than 
99%  efficiency)  when  the  received  am])litude  of 
Pj  is  equal  to  or  in  exce.ss  of  the  received  ampli- 
tude of  P,.  and  spaced  2zt(>.ir)  microseconds. 

.Vum — It  is  not  tlie  intent  of  this  parapraiih  to 
require  the  detecticai  of  I’,  ns  a prerequisite  for 
initiation  of  suppression  at  tion. 

2.7.4. 1 Tlie  transjxvnder  stippression  sliall  he 
for  a i>eriod  of  3.")±10  microseconds. 

2.74.2  The  suppression  shall  he  capahle  of 
being  reinitiated  for  the  full  duration  within 
two  microseconds  after  the  end  of  anv"  suppres- 
sion i>eriod. 

2.7.5  Receiver  Seiuitivity  and  Dynamic  Range. 

2.7. 5.1  The  minimum  triggering  level  (MTL) 
of  the  transponder  shall  be  such  that  replies  are 
generated  to  90%  of  the  interrogation  signals 
when ; 

2. 7. 5. 1.1  The  two  pulses  P,  and  P:,  con.«ti 
tilting  an  interrogation  are  of  etpial  anqilitnde 
and  is  not  detected ; and, 

2.7.5. 1.2  The  ainjiiitude  of  these  signals  re 
eeived  at  the  antenna  end  of  the  transmission 
line  of  the  transjiouder  is  nominally  71  dH  below 
1 milliwatt  with  limits  between  69  and  77  dH 
Irelovv  1 milliwatt. 

Nf>TK. — P'or  this  >JTI.  ifxinireinPii!.  ii 
3 transmission  lino  hiss  «nd  an  njitfMina  pf*r* 
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ftinnaiuf  rqnivah'i.f  fo  ft. at  of  a sifujilp  qiinifo- 
wjivp  HiittMiiia  aiP  assumed.  In  th»*  pv^nt 
Hssunind  roit'lit ioiiw  <]tt  noi  a|»pl>,  th<'  M’l  1-  of  Ma 
InslallHil  transponder  sysU*ni  imisf  is*  conipHi'MOh* 
to  IIjhI  of  tljo  assmtiod  sysitr^m. 

27.5.2  'I'lic  variation  of  the  niinimiim  trig- 
gering level  between  m''dc«  shall  not  exec,,]  ] ()}] 
for  nominal  |mlse  spacing-i  .md  juilse  widths. 

2. 7. 5. 3 The  rc|i|y  characteristics  sliall  ajq/ly 
over  a received  signal  amplitude  range  between 
minimum  triggering  level  and  5(t  dH  aiiove 
minimimi  triggciing  level. 

2. 7. 5.4  I'he  sn|)pies.sion  characteristics  shall 
ajiply  over  a received  signal  amjilitiide  ranc-p 
hefwecn  3 dH  above  minimum  triggering  level 
anti  CO  (IH  above  minimum  triggering  level. 

2.7.6  Pulse  Duration  Discrimination.  .Signals 
<)f  received  amplitude  lietween  minimum  trig 
gering  level  and  0 dH  above  this  level,  and  of  t 
duration  less  than  0.3  microsecond  at  the  an 
tenna.  shall  not  cause  the  trans]ionder  to  initiate 
more  than  10%  rtqdy  or  suiipres'ion  action. 
^I'ith  the  excej'fion  of  single  jiiilses  with  aiiijdi- 
tndc  variations  approximating  an  interrogation, 
any  single  ])nlse  of  a duration  more  than  1..5 
microsecoiuls  shall  not  cause  the  transponder  to 
initiate  reply  or  snp))ression  action  over  the  sig- 
nal amjditude  range  of  minimum  triggering 
level  ( M TL)  to  50  dH  above  that  lev  el. 

2.7.7  Echo  Suppressiorv  and  Recovery.  The 

trans]>onder  shall  contain  an  echo  snjipression 
facility  designed  to  jvermit  normal  oiveration  in 
the  jvresence  of  echoes  of  sign.ils  in  space.  The 
jvrovision  of  this  facility  shall  he  compatible 
with  the  ri'quircments  for  stijipression  of  side, 
lobes  given  in  2.7.4. 

2.7.7. 1 Desensitizalion.  T'lion  receipt  of  any 
pulse  more  than  9.7  microsv»coivd  in  duration,  the 
receiver  shall  he  desensitized  by  an  amount  that 
is  within  at  least  9 dH  of  the  amplittide  of  the 
desensitizing  pvdse.  htit  shall  at  no  time  e.xcecd 
the  nmiditude  of  the  desensitizing  i>ulse,  with 
the  excejition  of  i>os=ihle  overshoot  during  the 
first  microsecond  following  the  desensitizing 
pulse.  Single  jmiscs  of  duration  less  than  0.7 
microsecond  arc  not  required  to  canse  the  s]>eci 
fie.d  desensitizalion,  and  slial'  not  canse  desensifi- 
zntion  of  duration  greater  than  that  ivennitted 
herein  or  bj'  9. 7. 7. 2. 
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2. 7.7.2  Recovery  Followiiiir  despiisiti/.iition, 
till'  ivcfiM'r  shall  ipcovct  .sensitivity  (within 

(IH  of  lainiinuin  tfi'r<ri“iin;:  lewl)  witliiii  l.a 
lliivfosvi'oinls  after  reeeption  of  a deseiisit  i/.ilifr 
jmlse  ha\ in;:  a si"tial  stren;:th  iqi  to  ."lO  clli  above 
ininininni  tri;:::enn;;  hnel.  Keia)\erv  sliall  be 
nominally  linear  at  an  a\era;:e  rate  not  e.xceedin;: 
.‘1.5  dli  per  mieroseeond. 

.Niitk.— Ti'.ims]i(.ii(1.‘is  that  respoad  te  military 
made.,  will  iveovei-  wuliili  l."t  mieroser(Hids,  latl  ma.\' 
eniplca  meiliial;'  atlier  than  immiiially  linear  re 
e«tver\ . 

2.7.8  Random  Triggering  Rate.  Installation 
in  the  iiireraft  shall  be  made  in  such  manne.r 
that,  with  all  possilde  interfering  equipments 
installed  in  the  stime  aireraft  operating  in  their 
normal  niiinner  on  operational  elninnels  of  nia.xi- 
mnm  interferenee.  but  with  the  absence  of  bona 
lide  interrogations,  the  liindom  triggering  rate 
(squitter)  of  the  tr:insponder  shtill  not  e.xceed 
thirty  replies  i)er  second  as  integrated  over  an 
interviil  c(|uivalent  to  at  least  3n<i  riindont  trig- 
gers. or  .".u  seconds,  whichever  is  less. 

2.7.9.  Interference  Suppreiiion  Pulses.  If  the 

equipment  is  designed  to  accept  and  resjiond  to 
siiiqvression  pulses  from  other  electronic  equip- 
ment in  the  aircraft  (to  disable  it  while  the  other 
equipment  is  transmitting),  the  equipment  must 
regain  normal  sensitiiity,  within  3 dH.  not  later 
than  15  microseconds  after  the  end  of  the  applied 
suppression  jnilse. 

2.7.10  Reply  Rate. 

2.7.10.1  For  equipment  intended  for  installa- 
tion in  aiivraft  which  operate  at  altitudes  above 
15,(100  fei'i.  the  trans])onder  shall  be  capable  of 
at  least  I'JOO  replies  per  second  for  a 15-pulse 
coded  reply. 

2.7.10.2  For  equipment  intended  for  installa- 
tion in  aircraft  which  operate  at  altitudes  not 
e.xceed ing  IS.ooo  feet,  the  trans])otider  shall  be 
capaide  of  at  least  l.OtM)  replies  per  second  for  a 
15  pulse  ended  reply. 

2.7.10.3  \ .-ensitix  ity  redin  tion  type  riqdy 
rate  limit  control  shall  be  incorporated  in  the 
trans])ondcr.  The  range  of  this  control  shall 
l>ermit  adiustment.  as  a minimum,  to  any  value 
lietween  5o(l  and  2000  rejilies  ]>er  S(‘eond.  or  to 
the  maximum  nqily  rate  capability  if  less  than 
200(t  reiilies  per  second,  without  regard  to  the 


number  of  jnilses  in  each  reply.  .Sensitivity  re- 
duction in  excess  of  5 dB  shall  not  take  effect 
until  lio'c  of  the  selected  \alue  is  exceeded. 
Sensitivity  reduction  shall  be  at  least  .'iO  dB  for 
rates  in  exi-ess  of  150^,:  of  the  select eil  \alue. 

2.7. 10. 3.1  Recommendation.  The  reply  rate 
limit  .should  be  set  at  1200  replies  ji.r  si-cond.  or 
the  maximum  \ alue  below  1200  replies  ]>er  second 
of  which  the  transponder  is  capable  (see 
2.7.10.2). 

2.7.11  Reply  Delay  and  Jitter.  The  time  de- 
lay between  the  arrival  at  the  transixmder  of  the 
leading  edge  of  P;,.  and  the  transmi.ssion  of  the 
leading  edge  of  the  first  pidse  of  the  reply  shall 
be  3±0.5  microseconds.  The  total  jitter  of  the 
rejdy  |)ulse  code  groui).  with  respect  to  P,.  shall 
not  exceed  iO.l  microsecond  for  receiver  ini)ut 
levels  between  .‘1  and  50  dB  above  minimum 
triggering  level.  Delay  variations  between  modes 
on  which  the  transponder  is  cajvable  of  re))lying 
shall  not  exceed  0.2  microsecond. 

2.7.12  Transponder  Power  Output. 

2.7.12.1  For  equipment  intended  for  installa- 
tion in  aircraft  which  operate  at  altitudes  above 
15,000  feet,  the  peak  jndse  ivovver  available  at  the 
antenna  end  of  the  transmission  line  of  the  trans- 
ponder shall  be  at  least  21  dB  and  not  more  than 
27  dB  above  1 watt. 

2.7.12.2  For  eqniiJinent  intended  for  installa- 
tion in  aircraft  which  operate  at  altitudes  not 
exceeding  15.000  feet,  the  peak  ]nilse  power  avail- 
able at  the  antenna  end  of  the  transmission  line 
of  the  transjvonder  shall  be  at  least  18.5  dB  and 
not  more  than  27  dB  above  1 watt. 

Note. — For  tlie  ivovver  oiitpul  requireiueui  of 
2.7.12.1  inid  2.7.12.2,  a iioiniiiiil  2 dH  transmission 
line  loss  and  an  antenna  perfoiinance  equivalent  to 
that  of  a simiile  quartei  -wave  antenna  are  as.sunied. 
In  the  event  tliese  assumed  conditions  do  not  aiqily, 
the  peak  pulse  power  of  the  in.stalled  transponder 
.system  nmst  be  cotnparable  to  that  of  the  assumed 
.system. 

2.7.13  Reply  Codes. 

2.7.13.1  identifleation.  The  1000  codes  avail- 
able in  the  Staiuhird  at  2.0.2  shall  be  manually 
selectable  for  reply  to  interrogations  on  Mode 
3/ A. 

2.7.13.2  Pressure-Altitude  Transmissions. 

2.7.13.2.1  Independently  of  the  other  modes 
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and  codes  nmmially  selected,  the  triinspoiider 
shall  antoiniitically  reply  to  Mode  ('  interroga- 
tions. 

•Vote.— Jfilitarv  Inuisponders  may  iiulude  pi’ini- 
bioas  to  ilisjilile  Mode  ('  leplies. 

2.7.13.2.2  The  reply  to  Mode  ('  interrofia- 
tions  shall  consist  of  the  two  friimino-  ]>ulses 
specified  in  2.ti.l  to<rether  with  information  pulses 
si>ecitied  in  'i.ti.'J. 

2.7.13.2.3  At  as  early  a date  as  practiciihle. 
transponders  shall  he  ])ro\ided  with  nieatis  to 
remove  th.e  infortnation  piilsi>s.  hut  to  retain  the 
franiinif  pulses  when  the  provision  of  tl.7.l;i:^.C 
is  not  complied  with,  in  reply  to  .Mode  ('  iitter- 
rogatioti. 

XoTK. — The  inroniiatiuii  pulses  should  be  capaltle 
of  lieliisr  temoved  eithei'  in  response  to  a failure 
detertiiai  system  or  manuallt  at  the  request  of  the 
coiitrollinc  a;;euc.v. 

2.7.13.2.4  The  information  pulses  sluill  he 
automatically  selected  by  an  analog-to-digital 
converter  connectetl  to  ti  ])rcssure-altitude  tlata 
source  in  the  aircraft  referenced  to  the  standtird 
pressuie  setting  of  •2!).!):'  inches  of  tnerciiry. 

2.7.13.2.5  Pressure  altitude  shall  he  reported 
in  iOO-foot  iiirreinoiits  hy  selection  of  j^nl.ses  ns 
shown  in  Figitre  1. 

XoTC. — Some  tiansponders  in  service  tiansmit  the 
SiHH'ial  Position  Identitication  ISPI)  pulse  in  addi- 
tion to  the  1>,  imlsp. 

2.7.13.2.6  The  digitizer  code  selected  shall 
correspond  to  within  =hl2.‘)  feet,  on  a 9,5  percent 
probability  biisis.  with  the  pressitre  altitude  in- 
formation (referenced  to  the  stiuidard  pressure 
setting  of  29,!t2  inches  of  meivurv)  used  on  hoar<l 
the  aircraft  to  adhere  to  the  assigned  flight 
profile. 

XoTE. — Guidam-e  material  lelatinc  to  ptessure 
altitude  transmission  is  contained  in  8.3.4  and  3..3..". 

2.7.14  Transmission  Time  of  Special  Position 
Identification  (SPI)  Pulse.  TVlien  manually  se- 
lected. the  SPI  pulse  shall  be  transmitted  for  a 
period  of  between  1.5  and  911  seconds  and  mu.«t 
be  capable  of  being  reinitiated  at  any  lime. 

2.7.15  Transponder  Receiver  Ba.-idwidth.  1'lie 
skirt,  bandwidth  should  he  such  thtit  the  sensi- 
tivity of  the  transponder  is  at  least  60  dll  down 
at  freqiteneies  outside  the  baud  lo:loji-2.')  MHz. 
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2.7.16  Transponder  Self-Test  ond  Monitor. 

2.7.16.1  Self  lest  and  monitor  devices  that 
radiate  te.sf  interrogation  signals,  or  jneveiit 
trans|)on(ler  reply  to  proper  interrogation  during 
the  test  period,  shall  be  limited  to  intermittent 
use  which  is  no  longer  l.-iii  napiiivd  to  determine 
ihe  transponder  status. 

2.7.16.2  The  le.st  interrogation  rate  shall  not 
exceed  4, Ml  i)e.r  second  and  the  lest  interrogation 
signal  le\el  at  the  antenna  end  of  the  transmis- 
sion line  shall  not  exceed  a letel  of  — 4<)  dllm, 

2.7.17  Antenna. 

2.7.17.1  The  transponder  anteiiua  system, 
when  installed  on  an  aiicrall,  shall  ha\e  a radia- 
tion jtattern  which  is  essentially  omni-directional 
in  the  horizontal  plane. 

2.7.17.2  Recommendcilion.  The  vertical  beam- 
width  (half  power  jioints)  should  l>e  at  least  30 
degrees  above  ami  below  the  liorizontal  plane. 

Note  -GiiUlan, material  lelatiiiK  to  airboi'iie 
transpondei'  antennas  la  contained  in  3.3.3. 

2.8  Technical  Characteristics  of  the  Interrogator- 

Receiver. 

2.8.1  Interrogation  Repetition  Frequency.  The 

raa.xinuim  interrogation  repetition  frequency 
shall  he  4.')0  inteiTogations  (ku'  second. 

Note. — This  value  is  the  sum  total  of  the  iiiter- 
Togatiou  l ate  of  ail  modes  iii  use. 

2.8. 1.1  Recommendation.  To  minimize  un- 
neces-sary  transponder  triggering  and  the  result- 
ing high  density  of  nmttial  interference,  all 
interrogators  should  use  the  lowest  jjracticable 
iiiterrogatioii  reiietitioii  frequency  that  is  con- 
sistent with  the  display  characteristics,  interro- 
gator antenna  handwidtJi.  and  antenna  rotation 
sjieed  employed. 

2.8.2  Power  Output. 

2. 8. 2.1  The.  efiective  radiated  ))eak  ]>ower  of 
interrogation  pulses  (P,  and  I’,,)  sJiall  not  ex- 
ceed dH  above,  one,  watt,  and  P,  shall  be 
within  1 dP>  of  P^. 

Note. — The  effei  tivi'  radiated  peak  power  Imluiles 
file  aiifeimn  (tain  and  the  traiisiuissloii  line  los.ses. 
The  elTectlve  radiut(*d  peak  power  of  iiilorroKMtloii 
slmuM  be  the  miiiimum  r<>quired  to  provide  the 
system  i-overHi.’e  Tile  sysiem  l■overaKP  stafi>d  In 
t.3.3  can  lie  mei  liy  an  iiilerrocator  iiaviiiji:  a iiomi- 
mtl  lO'ki  watts  pmver  (peak  pulse  1,  a Iraiismissioii 
line  loss  of  3 iin,  and  an  aiitemia  gain  of  Jl  dH 
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2. 6. 2. 2 liiU-m);.Mtiii's  with  r;inj.'c  I'nt criijrf  rc- 

tiiiirt*iin‘iit,'  of  h-vs  tliiiii  L'lio  iiii|i‘>  will  l)t‘  eiii- 
[iloyt'il  at  loaiiv  hx  alioiis.  Tlii' j-tlwct i v e radiati’d 
]icak  jiowi-r  of  intefioiration  at  llu’sc  sitc>  slaill 
l)f  ivdiu'tHl  to  the  miiiiimim  reiiiiireil  le\el  whii’h 
is  practical  to  ai  hieve. 

2.8.3  Receiver  Sensitivity. 

2.8.3.1  The  uiaxinnuu  rtM-eiver  ity 

sl)all  be  not  less  llian  tlli  below  one  milliwatt, 
to  pnxliuv  a tangential  sijrnal  output,  for  a 
‘JOtt-inile  I'aebity. 

Notk.  —For  this  ret-eiver  sensitivity  retjuireimMU, 
a iioimnai  .S  dH  rransinissiun  line  loss  and  an  an- 
teniia  ;rain  of  21  dl»  are  assinned.  In  the  event 
these  assumed  eonditions  do  not  apidy,  tlje  receiver 
sensitivity  of  the  installed  system  should  he  com- 
parable Xo  that  of  the  assumed  system. 

2. 8. 3. 2 IiitciTOfrators  with  fan<ri‘  covi-nioe  jv- 
(liiirenieiits  of  less  tliaii  200  miles  will  he  em- 
jiloyed  at  many  loeations.  The  ma.\imttm  reeeiver 
.sensitivity  at  these  sites  nmy  be  redueed  to  the 
minimmn  retiuiied  level. 

2.8.4  Sensitivity  Time  Control  (STCI.  The  re- 
ceiver sensitivity  shall  he  reduced  at  short  rantres 
to  minimize  rejily  ]>ath  retlections  jiiul  pulse 
stretchiii;r.  At  l.j.tfli  microseconds  after  the 
lejuliii}/  ed;;e  of  pulse  If,  (1  nautical  mile  plus 
transiMinder  delay),  the  jrain  .shall  he  redueed  to 
ail  adjustahle  \ alue  between  10  and  50  dl5  below 
ma.vimum  sensitivity.  The  recowry  rate  shall 
he  adjusted  to  suit  local  conditions. 

2. 8. 4.1  Recommendation.  Followinjr  the  ini- 

tial reduction  of  sensitivity  at  15.:ftl  ns  after  the 
leadino  edfre  of  i>ulse  I\,  (1  nautical  mile  plus 
transponder  delay),  a recovery  rate  of  (i  dB  for 
each  dotildiiif/  of  rau"e  is  satisfactory  for  most 
apjilications. 

2.8.5  Receiver  Bandwidth  and  Video  Response. 

The  bandwidth  of  the  receiver  shall  he  centered 
on  1000  MHz  and  shall  he  adeipiate  to  rejirodtice 
the  transjionder  pulse  train  described  in  para 
f/raph  2.0  and  to  accommodate  the  transponder 
transmitter  frirjueiicv  tolerance  and  interrogator 
receiver  local  oscillator  drift.  The  bandwidth 
shall  not  he  more  than  24  MIIz  at  40  dB  below 
ma.ximum  sensitivity.  The  video  response  shall 
he  capable  of  reproducing  the  piil.se  trains  de- 
scribed in  iiaragraph  2.(i  witlioiit  a|)]»reciable 
pulse  St  refilling  or  distortion  over  a dynamic 
range  from  receiver  Ihre.shold  to  a level  24  dB 
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aboie  tlire.'liold.  at  any  range  with  STC  provi- 
sions operatiie. 

2. 8. 5.1  Image  Response.  The  image  res]>onse 
sliall  he  at  lea.st  (iO  dB  below  ma.\imnni  .sensi- 
tiiity. 

2.8.6  Azimuth  Accuracy.  The  electrical  tilign- 
ment  of  the  main  lobe  of  the  direct ional  antenna 
radiation  pattern,  with  respect  to  the  associated 
dis]ilay  shall  he  such  as  to  juvniit  received  re- 
])lies  to  be  disi>laycd  witliin  1 degree  of  true 
orientation. 

2.9  Interrogator  Radiated  Field  Pattern.  Rec- 
ommendation— The  heaniwidth  of  the  directional 
interrogator  antenna  should  not  be  wider  than 
is  operationally  required.  'I'lie  side-  and  back- 
lobe  radiation  of  the  directional  antenna  should 
be  at  least  24  dB  below  the  j>eak  of  the  main-lohe 
radiation. 

2.10  Interrogator  Monitor. 

2.10.1  The  range  and  azimuth  accuracy  of 
the  ground  interrogator  shall  he  monitored  con- 
tinuously. 

XoTK.' — Inten-oiratoj-';  it, at  arx  a-i-aM-iatial  with  ami 
operated  in  eonjiiinlioii  witli  lainiaiv  radar  may 
use  the  [irimary  i*adar  as  ttie  moiUlortic,:  devU-e*. 
alternatively  an  elecirmilr  raim'e  and  itzinnitli  ac- 
curacy monitor  would  la*  reguired. 

2.10.2  Recommendation.  In  addition  to  ninge 
and  azimuth  moniioringr.  ]>ro\ision  should  be 
made  to  monitor  continiiou.sly  the  other  critical 
parameters  of  the  ground  interrogator  for  any 
degradiition  of  performance  exi'eeding  the  allow- 
able. system  tolerances  tind  to  provide  an  indica- 
tion of  any  such  occurrence. 

Note. — (Jiiidance  on  those  system  parameters  for 
whicli  continuous  or  periodic  iiioiiitorinE  provisions 
are  of  particular  importauce  is  to  be  found  iu 
parapriiph  3.2.5. 

2.11  Spurious  Emissions  and  Spurious  Responses. 

2.11.1  Spurirus  Radiation.  Sitnrious  radia- 

tion shall  not  exceed  7ti  dB  below  1 watt  for  the 
interrogator. 

2.11.1.1  Recommendation.  C\V  radiation 

should  not  exceed  7t)  dB  below  1 watt  for  the 
transponder. 

2.11.2  Spurious  Responses.  The  res])onse  of 
lx)th  airborne  and  ground  equipment  to  signals 
not  within  the  receiver  bandpa.ss  shall  b<  at  least 
(it)  dB  Itelow  maximum  sensitivity. 
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3.  GUIDANCE  MATERIAL  RELATED  TO  THE  AIR 
TRAFFIC  CONTROL  RADAR  BEACON  SYSTEM 
CHARACTERISTICS 

3.1  Factors  Affactiog  Optimum  Utilization  of 

tho  Systom.  A iiumbei-  of  specilio  prwiuitious 
nuiy  l>f  taken  in  older  to  obtain  maximum 
utilization  of  the  .VIX'HHS  system,  such  as: 

3.1.1  Coordination  of  the  m\mlH*r  and  type 
of  interrofrators  installed  in  any  partii  iilar  area, 
and  cooi>erative  n.se  of  interrofrators.  where  pos- 
sible. forseteral  related  fnnetions. 

3.1.2  Use  for  each  interrogator  of  tlu'  lowest 
interrogation  rate  which  is  required  to  perform 
its  funetion. 

3.1.3  I se  for  each  interrogator  of  the  lowest 
power  output  which  is  mpiired  for  it  to  prot  ide 
sat  isfactory  performance. 

3.1.4  Use  of  iiarticular  interrogators  only 
during  the  jieriods  necessary  for  tliem  to  perform 
their  function. 

3.1.5  Limitation  of  antenna  lieamwidtli  to 
the  minimum  required  and  use  of  low-side-lobe 
antennas. 

3.1.6  Coordination  of  the  interrogation  repe- 
tition frequency  used  to  minimize  interference. 

3.2  Application  Considerations  of  the  ATCRBS 
System. 

3.2.1  Siting.  Care  should  lie  taken  in  siting 
the  ground  interrogator  to  ensure  that  the  num- 
ber of  ground  installations  is  kept  to  a minimum 
consistent  with  the  operational  requirement  for 
ATCRBS  information.  It  should  laj  emphasized 
that  the  effects  obtained  by  reflection  of  the  main 
lobe  are  more  serious  than  those  associated  with 
primary  radar.  It  is  therefore  necessary  to  en- 
sure that  no  large  vertical  reflecting  surfaces  are 
within  a reasonable  di.stance  of  the  ATC'RBS 
interrogator  antenna.  This  distance  will  de[)end 
on  the  area  of  the  reflecting  surface  and  its  ele- 
vation with  respect  to  the  interrogator,  but  as  a 
guide,  it  is  desirable  to  site  the  interrogator  at 
least  half  a mile  away  from  large  metal  struc- 
tures. Although  it  may  l>e  desirable  to  associate 
the  interrogator  antenna  phj’sically  with  a pri- 
mary radar  antenna,  siting  and  maintenance 
considerations  may  make  it  necessary  to  ha\e  a 
separate  site  for  the  interrogator.  When  this  is 
necessary,  the  rotation  of  the  two  antennas  should 


be  synchronized  with  a maximum  error  not  to 
exceed  one  degree. 

3.2.2  Interrogator  Antenna. 

3.2. 2.1  It  is  necessary  that  the  side  1o1h>  level 
of  the  antenna  relatixe  to  the  main  lobe  be  as 
low  as  practical)le.  .V  le\el  lower  than  —24  dB 
is  desirable.  It  is  inq>ortant  that  the  interroga- 
tion l)eamwidth  be  kept  as  narrow  as  jxissible, 
normally  of  the  oialer  of  3 degrees,  but  it  should 
be  noted  that  there  is  a minimum  number  of 
replies  necessary  for  processing  and  dis))lay. 
This  minimum  will  depend  on  the  particular 
prwessing  and  disjday  facilities  provided,  but 
would.  t3’i)ically.  fall  in  the  range  of  4 to  8 re- 
2>lies  JUT  beamwidth  on  each  interrogation  mode. 

3.2. 2. 2 Side  lobe  suppression  requires  two 
radiation  initterns;  A directional  pattern  to 
radiate  the  interrogation  jmlses.  and  an  omni- 
directional i>attern  to  radiate  the  control  ))ulse. 
It  should  be  noted  that  "omni-directional",  as 
used  here,  assumes  that  adequate  jxtwer  is  radi- 
ated in  all  directiotis.  not  necessarily  that  equal 
jwwer  is  radiated  in  all  directions.  It  is  neces- 
sary that  the  control  i)atteru  be  in  the  right 
relationship  to  the  interrogation  itattern  over  the 
operational  angles  of  elevation.  This  may  de- 
mand that  the  antennas  be  designed  in  a common 
assembly  so  that  the  same  effective  height  abo\e 
the  ground  can  be  maintained  for  both. 

3. 2. 2. 3 Some  antenna  sites  may  exi)erience 
severe  reflections  from  buildings  and  re-siting 
may  not  be  practicable.  If  the  reflections  are 
not  adequately  siqqiressed  by  side  lobe  suppres- 
sion. satisfactory  i>erformanee  is  i>ossible  by  use 
of  modified  three-|)ulse  side  lobe  suiJi>ression 
techniques.  One  technique  makes  use  of  the 
omni-directional  antenna  during  transmission  of 
the  Pi  interrogation  inilse.  The  Pi  interrogation 
is  fed  to  both  the  directional  and  omni-direc- 
tional antennas  in  a power  ratio  def)ending  on 
the.  jjarticular  i-eflection  j)roblem  and  assists 
trans2)onder  sui>i)ression  in  the  side  lobe  areas. 

3.2.3  Sensitivity  Time  Control  (STCI.  This 
feature  is  extremely  effective  in  minimizing  the 
undesirable  processing  and  disi)lay  of  side  lobe 
replies  from  older  transponders  that  do  not  have 
side  lobe  suppression  (SLS)  capability.  Even 
with  SL.S  fully  imijlemeuted.  the  use  of  STC 
will  be  required  to  minimize  the  effects  of  re- 
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rtfctiil  ^i;/iiiils  ;uul  pulse  strel'  liiujr.  The  settiii«r 
of  Sl('  i>  since  loo  imicK  iittenii.ii  ion 

will  ciU’.se  lul'oet  lo'S  ;Ui(l  too  little  ullous  retle<’- 
tioii  uiul  s'lle  lohe  lii-eaktlirouj^li.  Once  iin  opti- 
luuni  settiiift  is  (leU’i'Uiiiieil.  it  slioiild  1'«‘  iiniiii- 
tiiiued  with  close  tolerance.  A tolerance  of 
il.f)  clH  is  recoimnemled. 

3.2.4  Rejection  of  Unwonted  Responses. 

3.2.4. 1 In  iU)  area  nliere  a laroe  iniinKer  o^ 
jsronnd  interrogators  are  iiece.ssarv.  there  will  he 
ft  considerahle  iiuinher  of  transpoinler  resin  uses, 
which  hate  been  trijrirered  by  other  inierro>rators. 
receited  at  any  one  oronnd  etpiipinent.  The 
responses  will  be  receited  at  recnrrence  fretpien- 
cies  which  will,  in  all  probability,  be  ditferent 
from  that  of  the  interrogator  receitino  the  in- 
formation and  will  constitute  a nuisance  called 
'••fruit"  (un.sj  nchronized  replies)  on  the  radar 
display. 

3.2.4. 2 Defrnitinjz  techniques  which  use  de- 
Iny  lines,  storajje  tubes,  or  digital  storacfe  to  de- 
fruit  on  a pulse-tO'pulse  basis  should  he  employed 
to  reuiote  these  non-synchronous  re[)lies.  The 
defruit ing  ftinction  may  also  be  an  integral  part 
of  the  digital  detection  process. 

3.2.5  Monitoring  of  ATCRBS  Interrogator. 

3.2.5. 1 The  performance  monitoriitg  of  the 

ground  interrogator  called  for  in  2.1b  is  required 
to  provide  res])onsible  personnel  with  tin  indica- 
tion that  the  equipment  i.s  fntictioning  satisfac- 
torily '.vithin  the  system  limits  and  to  gire  an 
immediate  indication  of  any  significant  fault  de- 
yeloping  in  the  eipiipment.  .\d<lil ionally.  it  is 
desirable  that  coutinuotis  monitoring  prorisions 
with  respect  to  at  least  the  system  parameters 
listed  hereafter  in  S.‘2.,a.l.l  iind  be  pro- 

vided and  that  an  alarm  indication  be  given  in 
the  event  of  a failure  of  the  monitor  itsell. 

3. 2. 5. 1.1  Pulse  Interval*.  Means  should  he 
l)rovided  to  measure  pulse  spacings  for  all  modes 
which  are  to  he  employed. 

3. 2. 5. 1.2  Interrogator  Relative  Radioted  Pulse 
Levels.  IVlien  side  lobe  suitpression  is  provided, 
monitoring  t>f  this  parameter  is  most  impoilaut 
and  should  be  as.sociated  with  the  tolerances  in- 
dicated in  2. a. 

3. 2. 5. 2 Monitoringof  the  following  ATCHRS 
system  parameters  is  also  desiral)le;  however, 
checking  on  a periodic  basis  should  sufiice. 
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3. 2. 5. 2.1  Interrogator  Radio  Frequencies.  .\s- 
suming  that  a high  stabilitx  cry.stal  c()iit rolled 
o.scillaior  IS  Used  as  the  frequency  coutiol  element 
of  tlie  .\T( 'lill.''.  It  'vill  be  necessary  only  on  a 
)iei'ioilic  basis  to  deterniine  that  the  tolerances 
.specified  in  2.1  are  satisfied. 

3.2  5.2.2  Interrogator  Pulse  Duration. 

3. 2. 5. 2. 3 Receiver  Sensitivity. 

3 2. 5. 2.4  Radiated  Power. 

3. 2. 5. 2. 5  Spurious  Radiation. 

32.5.3  The  precise  location  of  the  woii'itor 
waruiiig  indication  is  a matter  for  determination 
hy  the  .Administration  concerned  in  the  light  of 
local  cii'cnm.stances.  but  .should  take  info  account 
the  need  to  pretent  the  presentation  of  erroneous 
information  to  the  controller  uithonf  liis  knowl- 
edge. 

3.3  Airborne  Equipment. 

3.3.1  Transponder  Peak  Power  Output  and 
Sensitivity.  System  retpiireinenfs  can  he  met  hy 
a transponder  having  a nominal  oufjnit  power 
of  oOb  watts  (i>eak  pulse)  and  a nominal  mini- 
mum triggering  level  (MTL)  of  —74  dRm. 
when  used  in  an  aircraft  having  a nominal  3 <1R 
transmission  line  attenuation  and  mi.smatch  loss 
and  an  antenna  performance  etpiivalent  to  that 
of  a sinqile  quarter-wave  antenna.  Other  com- 
binations of  transponder  peak  pid.se  jiower  out- 
put and  -M'l'L.  transmission  line  loss  and  antenna 
performance,  w hich  result  in  conqiarable  imstalled 
system  efl'ective  radiated  peak  pul.se  power  and 
MTR  may  he  considered  equally  acceptable. 

3.3.2  Antenna. 

3.3.2.1  A technique  whicli  tises  two  trans- 
ponders connected  to  separate  antennas  must  he 
considered  with  extreme  caution.  Such  an  ar- 
rangement. unless  carefully  controlled,  could 
result  in  unsatisfactory  performance  because  of 
the  difficulty  of  matching  transponder  j>nrn- 
meters.  This  techniipie  requires  matching  of  the 
relevant  characteristics  specified  in  2.7  and  in 
particular,  matching  of  the  reply  delay  (2.7.11) 
to  within  b.2  microsecond. 

3.3.22  Any  sw  itching  device  that  alternately 
changes  the  transponder  from  one  antenna  to 
another  at  a jireset  rate  should  he  avoided.  A 
preferred  method,  if  dual  antennas  are  used,  is 
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throu^rli  reci‘i\i‘d  si<riiiil  aniplitiult'  (‘oiiiparison 
whereby  the  I laiispoiKler  rejily  is  routetl  lo  the 
antenna  wliich  reeeives  the  stronger  iiiierroga 
tion  signal. 

3.3.3  Transponder  Seif-Test  ond  Monitor.  If 

self-test  and  or  monitor  dei  ices  are  instalKal  and 
used  in  aireiaft  to  indicate  normal  or  f.udty 
operation,  rare  should  be  e.\eni.sed  to  minimize 
any  system  derogation  (partietdarly  fruit  gen- 
eration) that  may  lesnlt.  The  (.luiation  of  u.se 
of  the  test  mode  should  be  an  ab.solute  njinimiini 
and  limited  to  tlmt  reipiired  by  tlie  j)ilot  to  de- 
termine the  transponder  status.  In  order  to 
minimize  suii])ression  of  re])lies  to  groniul  in- 
terrogations. the  test  signal  interrogat i(m  rate 
and  level  should  be  the  lowest  i>raetieuble  for 
test. 

3.3.4  Pressure-Altitude  Transmission. 

3.3.4. 1 In  order  to  achieve  ma.ximum  opera- 
tional benefit  from  automat  ie  iiressure-alt  itude 
transmission,  the  iiltittide  information  used  by 
the  pilot  and  that  automatically  iirov  ided  to  the 
controller  must  closely  eorresi)ond  ('i.T.Kf.ii..')). 
The  highest  degree  of  corresitondence  will  lie 
achieved  by  hiiving  airborne  systems  which  use 
the  same  static  pre.ssure  .source,  same  aneroid 
unit,  same  static  itressure  enor  correction  device 
and  same  scale  correition  device  for  both  the 
pilot  and  the  automatically  transmitted  pressure- 
altitude  data. 

3. 3.4. 2 For  aircraft  instalbitions  which  are 
not  yet  equip]>ed  with  altitude  digitizer  unit.s. 
tike  u.se  of  Mode  reply  framing  pulses  only 
(‘2.7.13.2.3)  is  encouraged  as  an  interim  arrange- 
ment. 

3. 3.4.3  The  wording  of  the  standard  recog- 
nizes that  facilities  are  jvrov  ided  on  many  trans- 
ponders in  service  which  only  enable  the 
information  and  framing  pulses  to  be  removed 
together.  Hut  its  main  objective  is  to  ensure  that 
inaccunite  information  jnil.ses  are  removed  while 
retaining  the  ca\>ability  of  position  determination. 
The  framing  pulses  alone  arc  useful  in  certain 
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ground  ]iro<essing  equiimients  for  enhauiung  the 
detection  j)robabiliiy  and  tizimuth  accuracy. 

3. 3.4.4  The  capability  retptircd  by  the  .Stand- 
iird  ill  2.7.13.2.2  should  be  provided  in  new  in- 
stalliil  ions. 

3.3.5  Automatic  Conversion  of  Pressure  Alti- 
tude Data  to  Indicated  Altitude.  Automatically 
iraiisniiiicd  jiressure  altitude  data  obtained  via 
ATtTlH.''  may  be  displayed  to  air  trallic  eon 

t rollers  tlireclly  after  being  decoded  when  such 
data  indicates  that  ilie  airciiift  from  which  it  is 
received  is  at  or  above  tlie  transition  level.  IVlieii 
the  aircnift  is  below  the  tramsitioii  level,  such 
data  couM  be  misleading,  since  it  is  based  uixm 
the  standard  atmospliei-ic  pressure  reference 
datum  of  2i).h2  indies  of  mercury,  while  the 
jiilofs  altimeter  is  adjusted  to  a dilfereiit  refer- 
ence. Ill  this  ca.se.  therefore,  the  data  must  be. 
converted  by  ajijilication  of  an  aiijmijiriate  cor- 
rection factor  based  ujion  the  same  reference 
datum  as  that  to  which  the  pilot's  altimeter  is  set. 

3.3.6  Transmission  of  the  “X”  Pulse.  In 

2.U.2.  the  ])Osition  of  the  “X"  pulse  is  specitied 
as  a teeliuical  standard  to  provide  for  possible 
future  exiiaasiou  of  tlie  system.  It  is  recognized 
that  though  a ma  jority  of  airborne  transponders 
of  later  design  coiitaiii  an  “X"  ]nilse  position, 
there  are  no  means  at  luesent  embodied  to  permit 
the  ojieratioiial  use  of  this  pulse.  To  do  so. 
modiHeations  of  existing  transponders  and/or 
ancillary  equipment  would  lie  necessary.  The 
extent  of  modifications  required  would  dejiend 
on  the  future  function  of  the  ‘‘X"  pulse. 

3.3.7  Transponcier  Low  Sensitivity  Setting. 

Many  exi.stiug  tran.s])onders  are  equipjied  with  a 
low  sensitivity  setting  (minus  12  dB  below  nor- 
mal sensitivity)  winch  is  maiuially  selectable  by 
the  pilot  111)011  request  of  tlie  controlling  agency. 
This  feature  has  been  found  useful  as  an  interim 
teduiique  for  reducing  transponder  side  lobe 
resiKiiise.  However.  SI^S  is  lieing  implemented 
at  interrogator  sites  and  the  low  sensitivity  fea- 
ture will  not  he  needed  in  new  transponders. 

2.37(10 
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APPENDIX  B 


PROBABILITY  OF  A DELAY  IN  ACQUISITION  OF  AN  AIRCRAFT 

Four  consecutive  Interrogations  must  be  successfully 
answered  before  the  MITRE  EGAS  will  initiate  a track  on  an  air- 
craft. The  statistics  for  accomplishing  this  are  developed  in 

this  appendix. 

For  ease  of  explanation,  the  following  conventions  will 
be  adopted.  The  probability  of  receiving  a reply  from  a par- 
ticular aircraft  during  an  epoch  (i.e.,  round  reliability)  is 
p and  q is  equal  to  1-p.  The  probability  of  acquisition  with 
a delay  of  exactly  x seconds  is  p(x)  and  the  cumulative  prob- 
ability of  acquisition  with  a delay  of  x seconds  or  less  is 
P(x).  In  describing  the  acquisition  process,  the  epochs  will 
be  referred  to  by  number.  The  epoch  during  which  the  aircraft's 
range  becomes  less  than  the  instrumented  maximum  range  (i.e., 

20  nmi)  is  the  first  epoch  and  other  epochs  are  numbered  con- 
secutively from  this  one.  The  nth  epoch  is  therefore  the  nth 
chance  the  equipment  has  to  obtain  a reply  message  from  the 
aircraft.  The  delay  in  acquisition  is  equal  to  one  less  than 
the  epoch  number  during  which  the  first  data  sample  is  obtained 
as  part  of  the  required  sequence  of  four  replies.  If  four 
replies  are  received  from  the  aircraft  during  the  first  through 
the  fourth  epochs,  no  delay  is  incurred. 

Received  data  sample  patterns  are  shown  In  Fig.  B-1  for 
acquisition  delays  up  to  7 seconds.  In  the  figure,  a / indi- 
cates that  a data  sample  is  obtained  during  the  indicated  epoch 


INDICATES  DATA  ARE  RECEIVED 
X INDICATES  DATA  ARE  NOT  RECEIVED 
5(  INDICATES  DATA  CAN  OR  CANNOT  BE  RECEIVED 
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FIGURE  B-1.  Received  Data  Sample  Patterns 
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number  and  an  X indicates  that  the  data  are  not  obtained.  Doth 
a / and  an  X indicates  that  it  does  not  matter  if  the  data 
sample  is  or  is  not  obtained. 

For  acquisition  delays  of  0 through  4 seconds,  only  a 
single  pattern  is  needed  in  order  to  show  the  required  data 
sequence.  For  example,  a delay  of  0 requires  four  data  samples 
(or  hits)  during  epochs  1 through  4.  Considering  another  ex- 
ample, the  pattern  for  a delay  of  two  seconds  can  have  either 
a hit  or  a miss  (i.e.,  no  data  sample  in  the  epoch)  in  the  first 
epoch,  a miss  in  the  second  epoch  and  four  hits  during  epochs 
3 through  7. 

The  procedure  for  presenting  the  required  data  pattern 
for  delays  greater  than  4 seconds  is  different  than  that  de- 
scribed above  in  that  a general  pattern  is  first  shown  in  which 
a number  of  epochs  can  have  either  hits  or  misses.  This  is 
followed  by  data  patterns  which  must  be  excluded.  For  example, 
a delay  of  5 seconds  must  have  a miss  followed  by  4 hits  in 
epochs  5 through  9 but  can  have  either  a hit  or  miss  in  epochs 
1 through  4 except  as  noted.  As  shown  in  the  figure,  the  pat- 
tern which  is  not  allowed  produces  an  acquisition  earlier  than 
the  indicated  delay  (i.e.,  the  excluded  pattern  would  produce  a 
delay  of  zero).  For  a delay  of  6 seconds,  the  general  pattern 
is  shown  with  a miss  and  4 hits  in  epochs  6 through  10  and 
either  a hit  or  miss  in  the  first  5 epochs.  The  patterns  which 
must  be  excluded  produce  an  acquisition  delay  of  either  0 or  1 
second.  In  more  general  terms,  a delay  of  N seconds  must  have 
a miss  followed  by  4 hits  in  epochs  N through  N + 4 and  epochs 
1 through  N-1  can  contain  either  hits  or  misses  as  long  as  4 
hits  in  a row  are  not  produced. 

The  mathematical  formulation  for  the  acquisition  process 
is  easy  to  derive  from  Fig.  B-1.  The  probability  of  no  delay 
is  p^  and  the  probability  of  a delay  of  1,  2,  3 or  4 seconds  is 
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q p^.  For  greater  delays,  the  probability  Is  q p times  1 
minus  the  patterns  which  must  be  excluded.  Mathematically, 
the  probability  for  a delay  of  N seconds  can  be  written  as; 


p(M)  “ q p^(l.-P(N-5) ) 


for  n > 5 


(B-1) 


A computer  routine  was  written  In  order  to  evaluate  the 
probability  and  cumulative  probability  of  a delay  in  acquisi- 
tion. The  results  are  presented  In  Tables  B-1  through  B-10  for 
values  of  round  reliability  between  0.95  and  0.5.  Also  a list- 
ing of  the  computer  routine  is  provided  in  Table  B-11. 
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TABLE  B-3.  DELAY  IN  ACQUISITION  FOR  I TABLE  B-4.  DELAY  IN  ACQUISITION  FOR  A 

A ROUND  RELIABILITY  OF  0.85  A ROUND  RELIABILITY  OF  0.8 
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Delay  Acquisition  of  Acquis.  [ Delay  Acquisition  of  Acquis. 
(Sec)  i (Sec) 
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TABLE  B-7.  DELAY  IN  ACQUISITION  FOR  A ; TABLE  B-8.  DELAY  IN  ACQUISITION  FOR  A 

ROUND  RELIABILITY  OF  0.65  . ROUND  RELIABILITY  OF  0.6 
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TABLE  B-9.  DELAY  IN  ACQUISITION  FOR  A I TABLE  B-10.  DELAY  IN  ACQUISITION  FOR  A 

ROUND  RELIABILITY  OF  0.55  i ROUND  RELIABILITY  OF  0.5 
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10  DIMENSION  A(26),B(26) 

90  130  CONTINUE 
100  INPUT, AP 
110  AQ=1-AP 

120  A(1)=AP**4. 

121  B(1)=A(1) 

130  A(2)=A(1)*AQ 

131  A(3)=A(2) 

132  A(5)=A(2) 

133  A(4)=A(2) 

140  B(2)=B(1)+A(2) 

150  B{3)=B(2)+A(3) 

160  B(4)=B(3)+A(4) 

170  B(5)=B(4)+A(5) 

130  DO  100  N=6,26 

190  A(N)=A(2) *(l-B(N-5)  ) 

200  B(N)=B(N-1)+A(N) 

210  100  CONTINUE 
220  DO  110  M=l,26 
230  PRINT  10  ,M-1,A(M) ,B(M) 
240  10  FORMAT(  I15,2F14.3) 
250  110  CONTINUE 

255  PRINT  12 

256  12  FORMAT (//) 

260  INPUT, AK 

270  IF(AK  .EQ.  0)GO  TO  130 
280  STOPfEND 


TABLE  B-n.  PROGRAM  LISTING  OF  EVALUATING 
DELAY  IN  ACQUISITION 
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APPENDIX  C 

DETAILED  ANALYSES  OF  GARBLE -GENERATED  TRACKS 
A.  BRACKET  DETECTIONS 

The  statistical  characteristics  of  the  garble  pulses  con- 
tributed by  the  overlapping  replies  provide  a convenient  start- 
ing point  for  the  analysis  of  garble-generated  tracks. 

Each  reply  is  20.3  ysec  long  and  consists  of  two  bracket 
pulses  plus  an  average  of  four  additional  altitude  Information 
pulses.  The  maximum  number  of  altitude  pulses  is  11.  Given  N 
overlapping  replies  we  get : 

1.  6N/20.3  for  the  expected  number  of  reply  pulses  per 
ysec  of  delay  per  interrogation; 

2.  5N/20.3  for  the  expected  pulse  rate  (per  ysec  of  delay) 
for  pulses  which  are  not  legitimate  first  pulses  of 
bracket  pairs;  and 

3.  5N/20.3  for  the  expected  pulse  rate  (per  ysec  of  delay) 
for  pulses  which  are  not  legitimate  second  pulses  of 
bracket  pairs. 

Given  any  one  reply  pulse,  which  is  not  a legitimate  first  pulse 
of  a bracket  pair,  the  probability  of  finding  a second  pulse 
within  20.3  ± 0.25  ysec  (=wlndow  where  second  bracket  pulses 
are  detected)  is  evaluated  as  follows: 

a.  Let  denote  the  number  of  pulses  in  one  of  the  N 
overlapping  replies,  l.e.,  1 ^ n ^ N,  which  could  con- 
tribute an  illegitimate  second  bracket  pulse; 

b.  z^-1  is  the  number  of  pulses  in  the  nth  reply  exclusive 
of  the  legitimate  second  bracket  pulse; 


C-1 


c.  (z^-1)  X 0.5/20.3  is  the  probability  that  one  of  the 
pulses  in  (b)  will  contribute  an  Illegitimate  second 
bracket  pulse; 

so  that  the  probability  that  none  of  the  N overlapping  replies 
contribute  an  illegitimate  second  bracket  pulse  Is  the  N-fold 
product 


N 

n 

n=l 


1 


(z^-l)x0.5 

2^ 


This,  in  fact,  is  a conditional  probability,  the  condition  being 
that  the  overlapping  replies  contain  z^,  ...,  Zj^  pulses.  To 
obtain  the  unconditional  probability,  the  above  expression  must 
be  averaged  over  the  z . Since  the  number  of  pulses,  z . in 
any  one  reply  Is  Independent  from  that  in  another  reply,  the 
factors  can  be  averaged  one  at  a time,  and  each  gives 


1 


(z-l)0.5 

20.3 


, 5x0.5  . 

20.3  " 


0.877 


(C-1) 


where  z =■  6 is  the  average  number  of  pulses  per  reply.  Thus, 
the  N-fold  product  becomes  (0.877)^  and  the  probability  that  one  or 
more  of  the  overlapping  replies  contribute  an  Illegitimate 
second  bracket  pulse  Is 

1 - (0.877)^  . 


Multiplication  by  the  expected  rate  of  Illegitimate  first  bracket 
pulses  (see  Item  2 at  the  start  of  this  section)  gives: 


Expected  rate  of  false  bracket 
detections,  per  ysec  of  delay, 

per  Interrogation  « 2^1^^  " (0-877)^]  (C-2) 
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The  expected  number  of  false  brackets  formed  from  all  re- 
plies received  from  aircraft  out  to  20  nmi  is  obtained  by  multi- 
plying Eq.  C-2  by  2^1  ysec  (around  trip  delay  to  20  nmi).  Con- 
sequently , 

Expected  number  of  false 

brackets  per  interrogation  = 2^7  x [l-(0.877)^]/^“3) 

After  a second  interrogation,  one  second  later,  the  ex- 
pected number  of  false  bracket  detections,  whose  apparent  range 
has  closed  by  0 to  1650  ft  (~977  knots)  relative  to  a given 
false  bracket  from  the  previous  interrogation  is  obtained  by 
multiplying  Eq.  C-2  by  3-35^  ysec  (corresponding  to  a I65O  ft 
range  Interval).  This  result,  when  multiplied  by  Eq . C-2  yields 
the  expected  number  of  false  bracket  pairs,  per  interrogation, 
meeting  the  closing  range  criterion: 

Expected  number  of 

false  bracket  pairs  / rm  m ^ 

per  Interrogation  = 3-35^  x x ( 203 ) [l-(0.877)^]  ^ (C-4) 

where  the  pair  is  formed  from  two  successive  interrogations. 

B.  TRACK  ACQUISITION 

The  range  and  range  difference  between  bracket  pairs  (ob- 
tained on  successive  interrogations)  is  used  by  MCAS  to  extrap- 
olate the  apparent  aircraft  range  to  an  earlier  and  a later  inter- 
rogation (cf.  Fig.  ^ and  related  discussion  in  Section  III-E-1). 

At  each  extrapolated  range,  a range  window  of  ±2^0  ft  is  examined 
for  the  presence  of  a bracket  pulse  pair.  The  expected  number 
of  false  brackets  inside  either  window  is  the  product  of  0.976 
nsec  (corresponding  to  the  i(80  ft  window)  and  Eq.  C-2: 

Expected  number  of  false 

brackets  in  extrapolated 

window  = 0.976  X [ l-(0 . 877 ) ] . (C-5) 
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Thus,  the  expected  number  of  false  bracket  quadruplets  (see 
Cf.  Section  III-E-1)  is  the  product  of  Eq.  C-^  and  the  square 
of  Eq.  C-5: 

Expected  number  of  false 

bracket  quadruplets  gen-  h ^ 

erated  on  each  interrogation  = 2.98  N [l-(0.877)^]  . (C-6) 

Each  of  the  false  brackets  of  the  quadruplet  will  contain 
garble  detections  at  the  nominal  altitude  pulse  positions.  If 
the  "anded"  detections  produce  a legitimate  altitude  code,  a 
track  will  be  initiated.  The  illegitimate  altitude  codes  are 
those  whose  C-blts  (cf.  Fig.  2,  Section  III-D)  form  the  binary 
sequences;  000,  101,  and  111,  The  probability  that  the  "anded" 
garble  detections,  at  any  given  altitude  pulse  position,  pro- 
duce a binary  "one"  is  the  probability  of  a garble  pulse  in 
each  of  the  four  brackets  at  the  given  altitude  pulse  position. 
This  probability  is  denoted  by  p,  so  that  the  probability  of 
a binary  "zero"  is  1-p,  and  the  probabilities  of  obtaining 
each  of  the  illegal  altitude  codes  are: 

PrCooO]  * (1-p)^ 

Pr[101]  = p^(l-p)  (C-7a,  b,  c) 

Pr[lll]  = p3 

and 

Probability  that  "anded"  garble 

produces  a legitimate  C-bit  _ _ _ 

sequence  = 1 - (1-p)^  - p'^d-p)  - p^ 

= 1 - p^  - (1-p)^  . (c-8) 
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The  probability,  p,  of  obtaining  garble  pulses  in  a given 
altitude  pulse  position  on  four  successive  interrogations,  is 

p = Pr[garble  #1]  x Pr[garble  #2lgarble  )/l]  x Pr[garble  3 ] garbles  #2  & 1] 

X Pr [garble  #4|garbles  3,  2,  & 1],  (C-9) 

where  the  notation  within  the  brackets  denotes  the  garble  events 
for  the  four  Interrogations,  and  the  vertical  line  denotes  the 
conditional  probabilities.  The  dependence  between  events  is 
due  to  garble  contributors  whose  range  rate  matches,  approxi- 
mately, the  apparent  range  rate  of  the  false  bracket  quadru- 
plet. The  approximate  range  rate  match  is  obtained  when  the 
magnitude  of  the  range  rate  difference  is  less  than  one-half 
the  pulse  width  (=0.i»5  usee  x 492  ft/psec  = 221.4  ft)  divided 
by  1 sec,  the  time  between  interrogations;  in  other  words, 
when  the  range  rate  difference  is  less  than  111  ft/sec. 

The  conditional  probability  that  the  range  rate  difference 
is  within  ±111  ft/sec,  given  a replying  aircraft  range  rate  v, 
is  the  probability  that  the  apparent  range  rate  of  the  false 
bracket  quadruplet  lies  between  v-111  ft/sec  and  v+111  ft/sec. 
Since  the  apparent  range  rates  are  uniformly  distributed  between 
0 and  1650  ft/sec  (see  the  bracket  formation  criteria  discussed 
between  Eqs.  C-3  and  C-4),  the  conditional  probability,  as  a 
function  of  v,  is  as  shown  in  Fig.  C-1. 

The  probability  of  a range  rate  match,  i.e.,  the  probability 
that  the  range  rate  difference  is  less  than  ±111  ft/sec,  is 

1761 

Pr[match]  Pr[match|v]  f(v)dv,  (C-10) 

-111 

where  PrCmatchlv]  is  the  conditional  probability  of  a match, 
given  that  the  garble  contributor  range  rate  is  v;  this  condi- 
tional probability  is  the  plot  shown  in  Fig.  C-1;  and  f(v)  is 


u 


9-  -76-17 


FIGURE  C-I.  Conditional  Probability  that  the  Range  Rate  Dif- 
ference Between  a Garble  Contributor  and  the  False 
Bracket  Quadruplet  is  Within  +111  ft/sec,  as  a 
Function  of  the  Range  Rate  of  the  Garble  Contrib- 
utor. 


C-6 


the  distribution  density  function  between  the  interrogator  and 
responder  population.  Thus,  using  Pig.  C-1  in  Eq.  C-10  we  get 

111 

PrCmatch]  =y  ^ v]  f(v)<Jv 

-111 

1539 

*mo  j (c-u 

111 


where  f(v)  is  assumed  to  make  no  significant  contribution  beyond 
1539  ft/sec.  Furthermore,  f(v)  is  symmetric  about  v = 0 (for 
every  approaching  aircraft  there  is  a receding  aircraft)  so  that: 

1.  The  Integral  of  the  antisymmetric  function  vf(v)  from 
-111  to  +111  goes  to  zero. 

2.  The  integral  of  f(v)  from  -111  to  +111  is  twice  the 
integral  from  0 to  +111. 


Under  these  conditions,  Eq.  C-11  reduces  to 


1539 

PrCmatch]  = f(v)dv 

0 

= flfo  • I “ = S,  (C-12) 


where  the  integral  is  because,  for  all  practical  purposes,  half 
of  the  responding  aircraft  will  have  closing  range  rates  between 
0 and  1650  ft/sec. 


The  conditional  probability  of  detecting  a garble  pulse 
(at  a given  position  within  the  false  bracket),  given  that  one 
was  detected  on  a previous  interrogation,  is  evaluated  by  con- 
sidering the  two  possibilities:  (I)  none  of  the  previous 

garble  contributors  were  matched,  in  which  case  the  probability 
of  garble  on  the  present  interrogation  is  1 - where  A = 

M 

probability  of  no  garble  from  any  one  reply,  and  A is  the 
probability  that  none  of  the  N overlapping  replies  contribute 


garble;  (II)  one  or  more  of  the  previous  garble  contributors 
were  matched,  in  which  case  the  probability  of  garble  on  the 
present  interrogation  is  unity.  However,  the  probability  that 
none  of  the  previous  garble  contributors  were  matched,  l.e.. 

Case  I,  is  (1-S)^  (S  is  given  by  Eq.  C-12),  and  the  probability 
that  at  least  one  of  them  is  matched,  i.e..  Case  II,  is  1 - (1-S)^ 
Thus,  the  probability  of  a garble  detection  (at  a given  position 
within  the  bracket)  on  the  present  interrogation,  given  a garble 
detection  on  the  previous  interrogation  becomes, 

(l-A^)d-S)^  + 1 • [1  - (1-S)^]  = 1 - [A(l-S)]^.  (C-13) 

This  represents  the  second  factor  in  the  chain  of  probabilities 
in  Eq.  C-9.  If  the  probability  that  a given  garble  contributor 
remains  matched  for  three  Interrogations  is  neglected*,  then 
Eq.  C-13  can  also  be  used  for  the  third  and  fourth  factors  of 
Eq.  C-9;  while  the  first  factor  is  1 - A^.  Under  these  condi- 
tions, Eq.  C-9  becomes 

3 

p = (1-A*^)  • [1  - A^(l-S)^]  . (C-1^) 

The  conditional  probability,  A , that  a given  reply,  con- 
talning  z pulses,  will  not  contribute  garble  at  a given  time 
within  20.3  Msec  is 

A - 20.3  usee  - z X 0.45  usee  (C-l'") 

20.3  ysec  * 


By  repeating  the  analysis  which  led  up  to  Eq.  C-12,  this  prob- 
ability can  be  shown  to  be  3*^  percent. 
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I 

1 

1 


f l/UIUI 


in  which  0.45  ysec  is  the  width  of  each  pulse.*  The  unconditional 
probability.  A,  is  obtained  by  averaging  over  z: 


A 


zx0.45_-|  6x0.45 

20.3  ~ ^ - 20.3 


0.867, 


(C-16) 


where  z = 6 is  the  average  number  of  pulses  in  a reply.  Sub- 
stituting Eqs.  C-12  and  C-l6  into  Eq.  C-l4,  we  obtain 


P 


= [1  - (0.867)^]  [1  - (0.809)^] 


3 


(C-17) 


i 


1'- 


To  sum  up:  Eq.  C-17  gives  the  probability,  p,  that  the 

"anded"  garble  produces  a binary  "one",  while  Eq.  C-8  gives  the 
probability  that  the  resultant  sequence  is  a legitimate  C-bit 
code.  Furthermore,  the  probability  of  obtaining  at  least  one 
binary  "one"  among  the  A/B  bits**  (i.e.,  A^,  A^^,  B^,  B^, 

B^  for  altitudes  below  31,000  ft  as 

Probability  of  at  least  one  r 

"one"  among  A/B  bits  = 1 - (l-p)°  (C-I7a) 

Since  a track  acquisition  is  produced  by  every  bracket  quadruplet 
whose  "anded"  data  produce  a legitimate  C-bit  sequence  and  at 
least  one  "one"  among  the  A/B  bits,  the  product  of  Eqs.  C-6, 

C-8,  and  C-17a  gives  the  expected  rate  of  false  track  acquisi- 
tions. Sam.ple  calculations  are  summarized  in  Table  C-1. 

*Thls  analysis  assumes  that  detections  at  a given  altitude  pulse 
position  are  derived  from  a single  tap  of  the  l68-bit  shift 
register  of  the  bracket  detector.  However,  the  MITRE  BCAS  de- 
tects altitude  pulses  from  the  logical  "or"  of  two  adjacent 
registers,  0.121  ysec  (=  one  clock  period)  apart.  The  effect 
of  this  is  that  the  0.45  ysec  value,  used  in  Eq.  C-15,  is  re- 
placed by  0.45  + 0.121  = 0.571  ysec.  When  the  subseauent  anal- 
ysis (leading  up  to  Tables  C-9,  C-10,  C-11)  is  repeated for 
N = 4,  it  is  found  that  the  false  alarm  rate  is  Increased  by  a 
factor  of  17  while  the  average  track  load  is  increased  from 
206  to  a value  above  340. 

**The  highest  altitude  bit  among  A^,  k^^  A^,  B^ , B4  is  A^ 

which  is  used  between  15,000  ft  and  31,000  ft.  Thus,  the  6-blt 
sequence  is  the  minimum  needed  to  cover  the  prevalent  aircraft 
populations.  (cf.  Fig.  2,  Section  III-D). 
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TABLE  C-1.  COMPUTATION  OF  THE  FALSE  TRACK  ACQUISITION  RATE 


Statistic 

Number  of  overlapping  replies 
N=3  1 N*4  1 N*5 

(A)  Expected  number  of 
false  bracket  quad- 
' ruplets  per  second 

2.71 

21.2 

99.9 

(B)  Probability  that  th« 
“anded"  garble 
within  the  bracket 
quadruplet  produces 
a legitimate  C-bit 
sequence 

0.104 

0.218 

0.349 

(C)  Probability  that 
the  "anded"  garble 
within  the  bracket 
quadruplet  pro- 
duces at  least 
one  "one"  among 
the  A/B  bits 

0.199 

0.399 

0.602 

(D)  Expected  number  of 
false  track  acqui- 
sitions per  second 

0.0561 

1.84 

21.0 

Method  of 
computatl on 


Eq.  C-6 


Product  of 
above 


C.  REPLY  PROCESSING  AFTER  TRACK  ACQUISITION 


After  track  acquisition,  the  predicted  range  window  (±2^0  ft 
centered  on  the  extrapolated  range)  is  examined  for  bracket 
pulse  pairs.  If  a bracket  is  detected,  and  if  the  bracketted 
pulses  meet  the  Implemented  logic  criteria  (to  be  discussed 
later  in  this  section),  then  the  track  is  updated.  Given  a 
false  track  initiation,  the  expected  number  of  brackets  de- 
tected in  the  projected  window  is  a sum  of  two  contributions: 

1.  False  bracket  detections  represented  by  the  false 
bracket  detection  rate  given  by  Eq.  C-2,  plus 

2.  Detected  legitimate  brackets  for  replies  whose  range 
falls  within  ±240  ft  of  the  false  track  range  for 
the  given  Interrogation.  Such  replies,  if  they  meet 
the  subsequent  logic  criteria,  would  be  used  to  up- 
date both  the  legitimate  track  and/or  the  false  track, 
or  neither  track.  The  expected  rate  of  legitimate 
brackets,  per  ysec  of  delay  is  N/20.3  ysec. 

The  sum  of  (1)  and  (2),  multiplied  by  0.976  usee  (corresponding 
to  the  480  ft  window)  gives 

Expected  number  of  bracket 

detections  per  range  ( i 

window,  per  Interrogation  = 0*976  [l-(0.877)^]  + (^0-18) 

The  data  detected  within  a bracket  will  be  rejected  if 
either  one  or  both  of  the  following  conditions  are  met: 

RPGRYn7  = 0,  (C-19) 

and/or 

RPGRYn  PGRAY  0 7 = 0,  (C-20) 

where  RPGRY  represents  the  three  C-bits  detected  in  the  altitude 
code;  the  numeral  7 represents  the  sequence  of  three  binary 
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"ones";  n represents  the  logical  "and",  or  "intersection",  of 
the  two  binary  sequences;  the  numeral  0 represents  the  binary 
sequence  of  three  "zeros";  PGRAY  represents  the  C-blts  of  the 
three  predicted  altitudes:  one  nominal  altitude,  or  "best" 

prediction  and  two  adjacent  altitudes  within  ±100  ft  of  the 
"best"  value.  If  the  data  pass  the  tests  embodied  in  Eqs . C-19 
and  C-20  then  a subsequent  correlation  number  test  is  applied. 

This  test  is  Implemented  by  evaluating 

correlation  number  = 48  - 3M  - Q , (C-21) 

where  M represents  the  number  of  binary  "ones"  obtained  from 

RPGRY  n PGRAY, 

(the  dashed  line  denotes  the  logical  complement)  and  Q is  the 
number  of  binary  "ones"  in 

RPGRY  n PGRAY, 

for  the  complete  set  of  altitude  bits  (C-bits  as  well  as  others). 
In  effect,  M is  the  number  of  unexpected  "ones",  l.e.,  "ones" 
appearing  in  the  detected  bit  sequence  where  the  prediction  has 
"zeros";  while  Q is  the  number  of  unexpected  "zeros",  l.e., 

"zeros"  where  the  prediction  has  "ones".  If  the  detected  bit 
sequence  passes  the  tests  represented  by  Eqs.  C-19  and  C-20, 
and  if  the  correlation  number  exceeds  a minimum  threshold  for 
one  or  more  of  the  three  predicted  altitudes,  then  the  detected 
sequence  is  accepted  as  a legitimate  reply.  MITRE  has  experi- 
mented (by  computer  simulation)  with  threshold  settings  from 
36  to  44  and  no  final  choice  has  yet  been  made. 

It  is  clear  that  as  the  threshold  is  increased,  garble  re- 
ply rejection  improves,  but  the  probability  that  a legitimate 
reply  is  accepted  deteriorates.  Thus,  any  choice  of  threshold 
represents  a compromise  between  these  performance  characteristics. 
In  order  to  gain  some  insight  into  the  problem,  the  average 
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correlation  number  for  garble  alone,  and  for  garble  plus  a 
legitimate  reply,  will  be  evaluated  in  subsequent  analyses. 

For  this  purpose  it  is  convenient  to  use  Eq.  C-21  in  several 
alternative  forms; 

correlation  number  = 48  - 3M  - Q 

=48-3  (M+i  Q)  (C-22) 

■ - 3 fwj  Vj  V, 

where  M represents  the  contribution  to  M from  the  C-bits,  while 
represents  the  contribution  of  other  bits;  and  similarly, 

Q and  Q represent  the  contributions  to  Q from  the  C-bits  and 
from  the  other  bits.  Furthermore,  it  is  convenient  to  define 
decorrelation  numbers  D,  D , and  D by 

C X 


so  that 


D = M + i Q , 

D = M + T Q . 

X X 3 X » 

D = M + i Q . 

c c 3 c > 


D = D + D . 

C X * 


(C-23) 

(C-24) 

(C-25) 

(C-26) 


and  Eq.  22  becomes 


correlation  number  = 48  - 3D 

= IS  - 3D^  - 3D^  . 


(C-27) 


The  values  of  M , Q , and  D obtained  for  different  combinations 

w c c 

of  predicted  and  received  sequences  are  enumerated  in  Table  C-3 . 


i 

f 


The  C-blt  sequences  that  can  appear  in  the  three  predicted 
altitudes  ("best"  plus  two  adjacent  altitudes)  are  enumerated 
acros.s  the  top  row  of  Table  C-4  and  are  designated  as  predicted 
triplets  TRl,  ...,  TR5.  The  left-hand  column  of  Table  C-4  lists, 
again,  all  the  possible  combinations  of  "ones"  and  "zeros"  that 
can  appear  in  the  presumed  C-bit  positions.  The  entries  in  the 
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TABLE  C-3.  COMPUTATION  OF  THE  DECORRELATION  NUMBER  FOR  GARBLE  C-BIT  SEQUENCES 


’■  c -id  C-bit  Sequences 


Detected 

Garble 

Sequence 

001 

01  1 

010 

no 

100 

M 

c 

Qc 

'c 

M 

c 

Qc 

D 

c 

M 

c 

^c 

'^c 

M 

c 

«c 

D 

c 

M Q 
c ^c 

111 

on 

101 

no 

100 

010 

001 

000 

2 

1 

1 

Rej 

Re:: 

Re: 

0 

Rej 

0 

0 

0 

ecte 

ect6 

ecte 

0 

ecte 

2 

i'. 

dC) 

0 

d<2) 

1 

0 

1 

1 

Rej 

0 

0 

Rej 

0 

0 

1 

1 

ecte 

1 

1 

ecte 

1 

0 

4/: 

4/3 

1/: 

1/: 

d(2) 

2 

1 

Rej 

' 

Rej 

0 

Re: 

Re: 

0 

0 

ecte 

0 

ecte 

0 

ecte 

ecte 

2 

1 

d(l) 

1 

dO) 

0 

d(^) 

d(2) 

0 

1 

1 

0 

0 

0 

Re: 

Re: 

1 

1 

1 

0 

1 

1 

ecte 

ecte 

1/3 

4/3 

4/3 

0 

1/3 

1/3 

d(^) 

d(2) 

2 1 0 
Rej|ecte 
1 ! 0 
1 0 
0 0 
Rej|ect< 
Rej,  ecte 
Rej ecte 

2 

d<’> 

1 

1 

0 

d<'> 

Id(') 

d<2> 

^ ^In  accordance  with  Eq.  C-20. 
f 21 

' 'In  accordance  with  Eq.  C-''9. 


TABLE  C-4.  MINIMUM  DECORRELATION  NUMBERS,  D^,,  BETWEEN  THE  C-BITS  OF  THE 
PREDICTED  TRIPLET  AND  DETECTED  GARBLE  SEQUENCES 


Predicted  Altitude  Triplets 


Detected 

Garble 

Sequences 

TRl 

001 

001 

on 

TR2 

001 

on 

010 

TR3 

on 

010 

no 

TR4 

010 

no 

100 

TR5 

no 

100 

100 

(a)  111 

1 

1 

1/3 

1/3 

1/3 

(b)  on 

0 

0 

0 

1 

4/3 

(c)  101 

1 

1 

4/3 

1 

1 

(d)  no 

4/3 

1 

0 

0 

0 

(e)  100 

Rejected^ ^ ^ 

Rejected^^  ^ 

1/3 

0 

0 

(f)  010 

1/3 

0 

0 

0 

1/3 

(g)  001 

0 

0 

1/3 

Rejected^ ^ ^ 

Rejected^^  ^ 

(h)  000 

— * 

(2) 


In  accordance  with  Eq.  C-20. 
In  accordance  with  Eq.  C-19. 
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table  show  the  smallest  of  the  three  decorrelation  numbers  (cor- 
responding to  the  largest  correlation  number)  obtained  between 
th'  detected  garble  and  the  three  predictions.  In  addition,  a 
rejection  is  shown  if  the  detected  sequence  satisfies  Eqs.  C-19 
and/or  Eq.  C-20  for  each  of  the  three  predictions. 

The  distribution  of  the  garble  sequences,  listed  in  the 
left-hand  column,  follow  the  Binomial  distribution  with  the 
probability  of  a garble  "one"  given  by 

g=l-A^=l-  (0.867)^  (C-28) 


where  A is  the  probability  that  an  overlapping  reply  does  not 
contribute  garble  (see  Eq.  C-l6).  Thus,  the  probability  that 
the  garble  sequence  is  rejected  prior  to  correlation  is  the 
probability  of  occurrence  of  the  "rejected"  sequence  in  Table 
C-4,  i.e., 

g(l-g)^  + (1-g)^  for  triplets  TRl,  TR2,  TR4 , TR5 
(1-g)^  for  triplet  TR3- 

Consequently  the  conditional  probabilities  of  a garble  C-bit 
sequence,  given  that  it  was  not  rejected  prior  to  correlation, 
and  given  a specific  predicted  triplet,  are 

g^  (1-g)^"^ 

^ ^ for  TRl,  TR2,  TR4,  TR5 

l-g(l-g)^-(l-g)3 


and 


g^(l-g)3-'^ 


l-(l-g) 


3 


for  TR3 


where  k is  the  number  of  garble  "ones"  in  the  garble  C-blt  se- 
quence. The  average  value  of  the  minimum  decorrelation  coeffi- 
cient (tabulated  in  Table  C-4)  is  obtained  by  weighting  the 
entries  in  Table  C-4  by  the  above  conditional  probabilities. 

The  results  denoted  by  for  each  of  the  five 

triplets,  are: 
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(C-29a) 


+ j g^(l-g)  + j g(l-g)‘ 
1 - g(l-g)^  - (1-g)^ 


+ 2g^(l-g) 


1 - g(l-g)^  - (1-g)^ 


(C-29b) 


D..  = ^ 


j g^  ■*•  f g^(l-g)  + I g(l-g)^ 


1 - (1-g)' 


(C-29c) 


j g^  + 2 g^(l-g) 

1 - g(l-g)^  - (1-g)^ 


(C-29d) 


_ I I g^U-g)  + J g(l-g)' 

1 _ g(i_g)2  _ (i_g)3 


(C-29e) 


The  probability  that  any  one  of  the  triplets  Is  used  In  the 
prediction  is  the  probability  that  the  "anded"  garble  at  track 
Initiation  produces  the  binary  sequence  appearing  In  the  middle 
of  each  of  the  triplets  listed  across  the  top  row  of  Table  C-4. 
This  middle  sequence  Is  the  "best"  prediction  while  the  other 
two  are  part  of  the  "adjacent"  sequences  (within  ±100  ft  of  the 
"best"  prediction).  The  probability  of  occurrence  of  any  one  of 
the  "best"  prediction  sequences  is  governed  by: 

1.  The  probability,  p,  given  by  Eq.  C-17,  that  the  "anded" 
garble  produces  a binary  "one"  in  any  one  bit  position. 

2.  The  condition  that  the  "illegal"  C-hit  sequences  have 
been  removed  at  track  Initiation  (see  row  B of  Table 
C-1)  . 
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Consequently, 

Conditional  probability  of  a k -vS-k 

given  legal  C-blt  sequence  = P „ ^ ^ (C-30; 

- (l-p)"* 

where  k is  the  number  of  "ones"  in  the  "best"  predicted  sequence, 
3-k  is  the  number  of  "zeros",  and  the  denominator  is  the  uncon- 
ditioned probability  of  obtaining  any  one  of  the  legal  sequences 
(see  Eq.  C-8).  Equation  C-30,  when  summed  over  all  the  "legal" 
C-bit  sequences: 

001  (k=l) 

Oil  (k=2) 

010  (k=l) 

110  (k=2) 

100  (k=l) 

gives  unity  probability. 

Using  the  conditional  average  decorrelation  (Eqs.  C-29), 
given  a particular  triplet,  and  the  probability  of  that  triplet, 
Eq.  C-30,  we  obtain  the  average  decorrelation  number,  as  shown 
in  Table  C-5,  contributed  by  the  C-blt  positions. 

Contributions  from  the  six  A/B  bits  are  expressed  in  terms 
of  the  number,  x,  of  "ones"  in  the  predicted  A/B  bits.  Thus, 
the  corresponding  number  of  zeros  is  6-x.  Since  g,  given  by 
Eq.  C-28,  is  the  probability  of  a garble  "one"  after  track 
initiation,  the  average  number  of  unexpected  "ones"  (as  defined 
below  Eq.  C-21)  is  (6-x)g  and  the  average  number  of  unexpected 
zeros  is  x(l-g).  Both  of  these  averages  are  conditioned  on  x 
so  that  the  unconditional  averages  are 

\ ' (6-x)g  (C-31a) 

and 

Qx  ' x(l-g)  (C-31b) 

where  M and  Q is  the  average  number  of  unexpected  "ones"  and 

X A 

"zeros"  respectively. 
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TABLE  C-5.  COMPUTATION  OF  THE  AVERAGE  DECORRELATION,  D^,  CONTRIBUTED 
BY  THE  C-BIT  GARBLE  (WITHOUT  A LEGITIMATE  TRACK) 


Predicted 

Triplet 

Conditional  Average^  ^ 
Decorrelation,  Given 
The  Indicated  Triplet 

Probability^^^  of 
Indicated  Triplet 

N=4 

N=5 

N=4 

N=5 

TRl 

0.5553 

0.6197 

0.3148 

0.3001 

TR2 

0.4350 

0.5101 

0.0278 

0.0498 

TR3 

0.3203 

0.3352 

0.3148 

0.3001 

TR4 

0.3544 

0.3937 

0.0278 

0.0498 

TR5 

0.4747 

0.5033 

0.3148 

0.3001 

Average^^^  decorrelation  U = 

(0.4826  for  N=5 

^Computed  from  Eq.  C-29. 

^^^Computed  from  Eq.  C-30. 

(3) 

'Sum  of  products  of  the  conditional  average  and  the  corresponding 
probabilities. 

Since  tracks  are  initiated  only  in  those  cases  where 
X s 1,  i.e.,  cases  where  at  least  one  garble  "one"  is  detected 
among  the  six  A/B  bits  (see  row  C of  Table  C-1  and  associated 
discussion  below  Eq.  C-17)  we  have 

X = 1 + (6-l)p  = 1 + 5p  (C-32) 


where  p,  given  by  Eq.  C-17,  is  the  probability  that  the  "anded" 
garble  at  track  initiation  produces  a garble  "one".  Equation 
32  is  substituted  into  Eqs.  C-31  which  are  then  used  to  obtain 


M + i Q 

X 3 X 

5(l-p)g  + i(l+5p)  (1-g) 


(C-33) 


2.26  for  N=4 
2.47  for  N=5 

in  which  D is  the  average  value  of  D defined  by  Eq.  C-24, 

A A 

and  where  the  last  step  was  obtained  by  using  Eqs.  C-17  and 
C-28  for  p and  g,  respectively. 


I 


I 

! 

I 

i 


I 
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Reference  to  Eq.  C-26  shows  that  the  average  decorrelation 
Is  the  sum  of  the  averages  computed  in  Table  C-5  and  in  Eq.  C-33: 

Average  decorrelation  _ _ 2.73  for  N=4 

for  garble  alone  = D + D = (C-3^) 

^ ^ 2.95  for  N=5 

The  correlation  number  for  a legitimate  reply  is  computed 
from  the  following  example: 

1.  Assume  that  a legitimate  altitude  code  has  two  binary 

"ones":  one  C-bit  and  one  A or  B bit. 

2.  Assume  that  the  best  predicted  altitude  is  an  exact 
replica  of  the  transmitted  reply  which,  in  the  absence 
of  garble,  would  yield  the  maximum  correlation  number 
of 

3.  Assume  that  all  transmitted  "ones"  are  detected  so  that 
Q = 0 (see  discussion  below  Eq.  C-21). 

4.  The  total  number  of  bit  positions  among  the  A,  B,  and 
C bits  (the  sam.e  that  were  used  earlier  in  evaluating 
the  decorrelation  for  garble  alone)  is  nine  which, 
after  subtracting  the  two  legitimate  bits  in  (1)  leaves 
seven  opportunities  for  receiving  garble  "ones". 

Thus,  the  average  number  of  unexpected  "ones"  is  seven  times 
the  probability  of  a garble  one  (after  track  Initiation).  The 
latter  is  of  the  form  of  Eq.  C-28  with  M replaced  by  N-1  to 
account  for  the  fact  that  one  of  the  N overlapping  replies  is 
the  le  tlmate  reply  which  leaves  only  N-1  garble  contributors. 
Since  the  number  of  unexpected  "zeros"  is  zero,  by  virtue  of 
the  assumption  in  item  (3)  above,  we  get 


Average  decorrelation  „ 

with  legitimate  reply  = 7 [l  - (0.867)  J (C-35a) 


i2.44  for  N=4 
3.04  for  N=5 


(C-35b) 


The  correlation  number,  which  is  equal  to  48  minus  three 
tlm.es  the  decorrelation  (see  Eq . C-27),  is  shown  in  Table  C-6. 


Thus,  to  ensure  that  a lightweight  legitimate  reply  (i,e.,  a 
reply  containing  only  two  "ones")  is  not  rejected,  the  correla- 
tion threshold  would  have  to  be  set  below  39,  in  which  case,  an 
all-garble  reply  would  also  be  accepted  by  the  correlation  logic. 
Thus,  as  far  as  rejection  of  all-garble  replies  is  concerned, 
the  correlation  number  logic  is  redundant:  all  of  the  other 

data  processing  logic  has  already  eliminated  the  all-garble 
replies  whose  correlation  number  would  have  been  well  below  that 
of  a lightweight  legitimate  reply. 

Specifically,  the  other  logic  will  eliminate: 

(1)  The  "Illegal"  C-blt  sequences  at  track  initiation 
(see  analysis  leading  up  to  Eq.  C-7). 

(2)  The  rejectable  C-blt  sequences  shown  in  Table  C-4 ; 
and  these  include  C-blt  sequences  which  have  no  binary 
"one"  in  common  with  the  prediction. 

(3)  All-garble  replies  without  any  "ones"  among  the  A/B 
bits  (see  row  C of  Table  C-1,  Eq.  C-17a  and  associated 
discussion) . 

(4)  All-garble  replies  without  any  "ones"  in  common  with 
the  predicted  A/B  bits. 

TABLE  C-6.  COMPARISON  OF  AVERAGE  CORRELATION  NUMBER 


^Forty-eight  minus  three  times  the  decorrelation  given  by 
Eq.  C-34  and  Eq.  C-35b. 

(2) 

' 'Legitimate  reply  contains  only  one  C-bit  "one"  and  one 
A or  B bit  "one". 
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r 


1 


4T‘ 
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If  X denotes  the  number  of  A/B-blt  "ones"  in  the  best  pre- 
diction then  the  number  of  A/B  bit  "ones"  in  the  two  adjacent 
predictions  will  be 

X when  triplets  TR2,  TR3 , and  TRi<  are  used 

and 

x+1  when  triplets  TRl  and  TR5  are  used. 

These  triplets  are  identified  across  the  top  row  of  Table  C-M 
which  shows  that  two  C-bit  sequences  in  each  of  the  triplets, 
TRl  and  TR5,  are  identical;  this  means  that  one  of  the  adjacent 
predictions  contains  an  additional  binary  "one"  among  its  A/B 
bits. 


Thus,  the  probability  that  an  all-garble  reply  has  at  least 
one  A/B-blt  "one"  in  common  with  the  prediction  is 

1 _ (i-g)^  for  triplets  TR2 , TR3 , and  TR4 


and 


1 _ (i-g)^'*’^  for  triplets  TRl  and  TR5 


where  g,  given  by  Eq.  C-28,  is  the  probability  of  a garble 
"one",  and  x is  the  number  of  "ones"  among  the  A/B  bits  of  the 
best  predicted  altitude.  Because  tracks  are  not  initiated 
without  any  A/B-blt  "ones"  (see  row  C of  Table  C-1,  Eq.  C-17a 
and  associated  discussion),  the  value  of  x is  always  greater 
than  or  equal  to  one  so  that  an  upper  bound  on  the  above  prob- 
abilities is  given  by 


Probability  of  one 

or  more  A/B  garble  I g for  triplets  TR2,  TR3,  TR4 

"ones"  in  common  with  \ 

the  predictions  ^ I (C-36) 

I l-(l-g)^  for  triplets  TRl,  TR5 


Furthermore,  the  probability  that  an  all-garble  reply  has 
an  acceptable  C-bit  sequence,  i.e.,  one  which  is  not  rejected 
by  the  logic  embodied  in  Eq.  C-19  and  Eq.  C-20,  is  given  by 
one  minus  the  probability  of  the  rejectable  garble  sequences 
identified  in  Table  C-4.  In  other  words 
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Probability  of  an 
acceptable  C-blt 
garble  sequence 


l-g(l-g)^  - (1-g)^ 
TR2,  TRM,  TP^> 

l-(l-g)^  for  TR3 


l-(l-g)  for  TRl, 
(C-37' 


2 

where  g(l-g)  is  the  probability  of  the  garble  sequence  (e)  and 
also  of  the  garble  sequence  (g)  identified  in  Table  C-4,  and 

3 

(1-g)  is  the  probability  of  sequence  (h). 

The  product  of  Eq.  C-36  and  Eq.  C-37  is  the  Joint  prob- 
ability of  the  two  events: 

(1)  An  acceptable  C-bit  sequence,  i.e.,  one  which  is  not 
one  of  the  rejectable  sequences  Identified  in  Table  C-4. 
This  also  guarantees  that  there  is  at  least  one  binary 
"one"  in  common  with  the  prediction. 

(2)  Detection  of  at  least  one  binary  "one"  in  common  with 
the  predicted  A/B  bits.  This  condition,  in  addition 

to  a bracket  detection  and  an  acceptable  C-bit  sequence, 
Insures  that  the  track  is  extended  either  as  a branch 
(or  so-called  "child")  track  or  simply  as  the  initial 
track  Itself. 


Accordingly,  the  product  of  (1)  and  (2)  is  the  probability  that 
an  all-garble  altitude  data  sequence  is  accepted  as  a legitimate 
altitude  code.  Numerical  results  are  shown  in  Table  C-7  which 
are  actually  lower  bounds  because  of  the  inequality  of  Eq . C-36. 

Since  a reply  consists  of  bracket  and  alittude  detections, 
“n  Table  C-7,  multiplied  by  Eq.  C-l8  gives 


Expected  number, 

({»,  of  false  replies 

per  interrogation,  ( cv,  m 

per  range  window  = (j)  * 0.976a^j^~  [1  - (0.877)*^] 


N 


20.3 


(C-38) 
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TABLE  C-7.  PROBABILITY^^ ^ THAT  AN  ALL-GARBLE  DATA  SEQUENCE  IS  ACCEPTED  AS 
LEGITIMATE  ALTITUDE  CODE 


Number  of  Overlapping  Replies,  N, 

Predicted  Triplet 

N=3 

1 N=4 1 

1 N=5 

TRl 

0.3309 

m 

TR2 

0.2004 

RH 

TR3 

0.2519 

HR 

TR4 

0.2961 

TR5 

0.3309 

0.4634 

Overall  probability^^^ , 

“n 

0.3020 

0.4204 

0.5204 

Probabilities  for  a given  triplet  are  obtained  as  the 
product  of  Eq.  C-36  and  Eq.  C-37. 
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' 'This  is  an  overall  average  where  the  probability  of  occur- 
rence of  each  triplet  is  taken  from  Eq.  C-30,  in  which  p is 
given  by  Eq.  C-17. 

The  relationship  between  the  mean  value,  4),  and  the  proba- 
bility of  at  least  one  reply,  is  assumed  to  be  that  obtaining 
for  a Poisson  distribution: 

Probability,  P,  of  at  least 

one  false  reply  per  interro-  . 

gatlon  per  range  window  = p = l-e"***.  (C-39) 

Equations  C-38  and  C-39  together  with  from  Table  C-7,  are 
used  to  obtain 

10.1081  for  N-=3 

0.2180  for  N=4  (C-AO) 

0.3469  for  N=5 
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D.  TRACK  ESTABLISHMENT 


An  acquired  track  becomes  an  established  track  when  a suffi- 
cient number  of  replies,  or  so-called  hits,  is  accumulated  dur- 
ing the  26  interrogations  following  track  acquisition;  or  a 
total  of  30  Interrogations  when  the  initial  four  used  in  track 
acquisition  are  included.  The  criteria  selected  (by  MITEffi)  for 
MCAS  are  shown  in  Table  1 of  Section  III-E-2. 

Track  extension  statistics  are  characterized  in  terms  of: 

(a)  L(n)  = minimum  number  of  accumulated  replies  needed 
to  continue  track  through  the  nth  interrogation  as 
shown  in  Table  1 (Section  III-E-2). 

(b)  Hj^(n)  = probability  of  accumulating  i or  more  replies, 
with  £ i L(n),  through  the  nth  interrogation; 

(c)  Hjj^(n-l)  = probability  of  accumulating  £ or  more  re- 
plies through  n-1  interrogations; 

(d)  Hj^_j^(n-1)  = probability  of  accumulating  £-1  or  more 
replies  through  n-1  interrogations  with  £-liL(n-l); 

(e)  Hj^_^(n-1)  - Hj^(n-l)  = probability  of  accumulating 
exactly  £-1  replies  through  n-1  Interrogations; 

(f)  F * probability  of  obtaining  a reply  on  any  one  in- 
terrogation; 

(g)  [Hj^_j^(n-1)  - Hj^(n-l)]  • F = Joint  probability  of  ac- 
cumulating exactly  £-1  replies  through  n-1  Interrogations 
and  one  more  reply  on  the  nth  interrogation;  with 
£-liL(n-l) . 

Thus,  for  £-liL(n-l),  £ or  more  replies  are  acciunulated  with  n 
interrogations,  i.e.,  event  (b),  through  the  two  mutually  exclusive 
events  identified  in  (c)  and  (g);  hence 

H (n)  = Hj(n-l)  + [H  , (n-1)  - H-(n-l)]F 

(C-41) 

- (l-F)H^(n-l)  + F Hj^_^(n-1)  for  £iL(n-l)  + 1. 
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When  Jl  = L(n-l),  the  only  way  of  accumulating  I or  more  replies 
through  n Interrogations,  without  losing  track.  Is  through  ac- 
cumulation of  1 or  more  replies  at  the  previous,  (n-1).  Inter- 
rogation. In  other  words 

Hj^(n)  = H^(n-l)  for  i = L(n-l)  = L(n) , (C-H2) 

which  Is  Invoked  only  In  those  case  where  L(n-l)  = L(n)  In 
Table  1 (Section  III-E-2).  In  other  words,  when  no  additional 
replies  are  required  to  continue  track  through  a given  Interro- 
gation, then  the  probability  of  maintaining  track  is  the  same 
as  that  for  the  preceding  interrogation. 

The  conditional  probability  of  false  track  continuation, 
given  a false  track  acquisition,  Is  obtained  by  using  Eq.  C-^10 
for  F In  Eq.  C-^1,  together  with  Eq.  C-M2  and  the  initial  con- 
ditions ; 

Hq(1)  = 1 (C-43a) 

H^(l)  = P.  (C-43b) 

Results  of  computer  printouts  are  shown  in  Tables  C-8a,  b,  and 
c.  Here,  every  non-zero  entry  Is  the  value  of  Hj^(n)  where  n Is 
the  row  number  and  K,  is  the  column  number.  The  first  non-zero 
entry  in  any  row  is  the  probability  that  track  is  continued 
through  that  interrogation;  the  column  number  for  this  entry 
is  simply  the  minimum  number  of  accumulated  replies  needed  to 
continue  track  as  shown  in  Table  1.  Since  a track  is  declared 
to  be  established  if  it  persists  for  26  Interrogations  after 
acquisition  (or  30  interrogations  if  the  first  four  for  acqui- 
sition are  Included),  the  bottom  entry,  H^^(26),  gives  the  con- 
ditional probability  of  a false  track  establishment,  given  an 
Initial  false  acquisition.  Specifically , 

10.7211x10"^  for  N=5 

0.1276x10"^  for  N=4  (C-44) 

0.6407x10"^  for  N=3. 
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TABLE  C-8a.  PROBABILITY  OF  ACCUMULATING  THE  INDICATED  NUMBER  OF  REPLIES  AS  A FUNCTION  OF 

THE  NUMBER  OF  INTERROGATIONS  DURING  FALSE  TRACK  CONTINUATION  AFTER  ACQUISITION. 
(PROBABILITY  CV  A FALSE  REPLY  PER  INTERROGATION  = 0.1081  FOR  N=3) 


TABLE  C-8a.  (CONTINUED) 


TABLE  C-8b.  PROBABILITY  OF  ACCUMULATING  THE  INDICATED  NUMBER  OF  REPLIES  AS  A FUNCTION 
OF  THE  NUMBER  OF  INTERROGATIONS  DURING  FALSE  TRACK  CONTINUATION  AFTER 


TABLE  C-8c.  PROBABILITY  OF  ACCUMULATING  THE  INDICATED  NUMBER  OF  REPLIES  AS  A FUNCTION  OF 

THE  NUMBER  OF  INTERROGATIONS  DURING  FALSE  TRACK  CONTINUATION  AFTER  ACQUISITION. 
(PROBABILITY  OF  A FALSE  REPLY  PER  INTERROGATION  = 0.3469  FOR  N=5) 


E.  ALARM  GENERATION 


The  conditional  probability  that  a falsely  established 
track  generates  a false  alarm  is  the  probability  that  the  track 
meets  the  threat  criteria  in  range,  range  rate,  and  altitude. 

At  any  given  time,  the  range  vs.  range -rate  criterion  (i.e., 
alarm  when  the  projected  time  to  collision  is  approximately 
30  sec)  will  be  met  by  all  tracks  whose  initial  (at  start  of 
acquisition)  range  and  range  rate  fell  within  the  shaded  region 
in  Fig.  C-2.  Any  track  initiated  at  the  lower  boundary  will 
have  30  sec  for  track  establishment  sec  for  acquisition  plus 
26  sec  for  subsequent  extensions  before  becoming  established) 
and  will  therefore  alarm,  if  the  altitude  criterion  (to  be  dis- 
cussed below)  is  also  met,  at  0 sec  "time-to-go" . Similarly, 
any  track  initiated  at  the  upper  boundary  will  alarm*  at  30  sec 
"tlme-to-go" . Tracks  initiated  below  the  shaded  region  would 
be  receding  from  the  interrogator  before  they  were  established 
while  the  contribution  of  tracks  initiated  above  the  shaded 
region  (i.e.,  those  which  have  persisted  for  more  than  26  ex- 
tensions) are  neglected.  Since  the  initial  ranges  and  range 
rates  are  uniformly  distributed  (see  discussion  between  Eq.  C-3 
and  Eq.  C-^)  within  the  20  nml  x I65O  ft/sec  rectangle,  the 
probability  that  an  established  track  was  initiated  in  the 
shaded  region  (in  Fig.  C-2)  is 

i X 8.14  nmi  x I650  ft/sec 

20  nml  x 1650  ft/sec  0.2035.  (45) 

The  distribution  of  the  apparent  altitude  of  a surviving 
false  track  is  determined  from  the  following  considerations: 

1.  The  track  initiation  procedure,  which  involves  the 
"andlng"  of  the  garble  data  within  the  false  bracket 
quadruplet,  will  tend  to  "thin  out"  the  number  of 

This  neglects  the  contributions  from  minimum  range  alarms . 
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binary  "ones".  In  other  words,  the  "anded"  data  pro- 
duces a binary  "one"  only  when  It  has  been  detected 
within  each  of  the  four  brackets. 

2.  During  subsequent  track  extensions,  the  tracker  logic 
Introduces  a corrected  track  altitude  every  time  a 
"zero"  is  detected  where  the  prediction  had  a binary 
"one".  The  correction,  which  is  applied  to  altitude 
errors  greater  than  100  ft,  will  contain  all  the  "zeros" 
of  the  detected  reply.  Again,  this  process  tends  to 
"thin  out"  the  binary  "ones"  of  the  A/B  bit  positions. 

3.  The  analysis  which  led  up  to  Eq.  C-36,  accounts  only  for 
such  "thin"  tracks  where  the  best  predicted  altitude 
contains  only  one  binary  "one"  among  the  A/B  bit  positions. 

Thus,  for  all  practical  purposes,  the  surviving  false  track 
will  contain  only  one  binary  "one"  among  its  A/B  bits.  Inspec- 
tion of  the  altitude  code  format  (Pig.  2 of  Section  III-D)  re- 
veals that  the  resultant  altitudes  will  cluster  around  six  alti- 
tude bands: 


29.5  to  30.0  kft 

14.5  to  15.0  kft 

6.5  to  7.0  kft 

2.5  to  3.0  kft 

0.5  to  1.0  kft 

-0.5  to  0.0  kft 

with  equal  probability,  l.e.,  1/6.  Thus,  any  BOAS  Interrogator 
within  ±600  ft  (for  altitudes  below  10,000  ft)  or  within 
±800  ft  (for  altitudes  above  10,000  ft)  of  any  one  of  the  six 
bands  would,  in  accordance  with  ANTC-117,  receive  dive  or  climb 
commands  ; and  climbing/diving  rate  restrictions  for  altitudes 
within  ±3400  ft  of  the  six  bands.  These  criteria,  however, 
presume  cooperative  and  complementary  warnings/commanls , which 
is  not  the  case  in  a BCAS-to-ATCRBS  encounter.  In  this  in- 
stance, the  altitude  threat  bands  would  have  to  be  expanded  to 
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account  for  the  unpredictable  altitude  changes  by  the  ATCRBS 
aircraft.  In  any  case,  given  a BCAS  interrogator  within  sev- 
eral hundred  feet  of  one  of  the  six  bands,  listed  above,  the 
probability  of  a false  alarm  will  be  1/6  if  the  false  track 
also  meets  the  range  and  range  rate  criteria.  The  probability 
for  the  latter  is  given  by  Eq.  C-45  so  that 

Conditional  probability 

of  false  alarm,  given  that 

a false  track  was  established  = 0.2035  x 1/6  = 0.0339  (C-46) 

The  overall  (unconditional)  false  alarm  rate  is  the  product 
of: 

1.  The  rate  of  false  track  acquisitions  as  computed  in 
Table  C-1  (bottom  row). 

2.  The  conditional  probability  of  false  track  establish- 
ment, given  a false  track  acquisition;  and  this  is 
given  by  Eq,  C-44. 

3.  The  conditional  probability  of  false  alarm,  Eq.  C-46, 
given  that  a false  track  was  established. 

The  results  are  shown  in  Table  C-9  as  a function  of 

N = number  of  overlapping  replies 

= number  of  responding  a/c  per  1.64  nml 
range  Increment 

so  that 

number  of  responding 

aircraft  within  20  nmi  = N.  (C-46a) 

Introduction  of  "whisper-shout"  (cf.  Section  III-G),  would 
subdivide  the  aircraft  population  into  four  equal  nonoverlapp- 
ing groups,  provided  that  the  projected  improvements  can,  in 
fact,  be  achieved.  Thus,  if  N is  the  number  of  overlapping 
replies  in  any  one  group  then  the  results  of  Table  C-9  would 
apply  to  each  group.  Consequently, 
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TABLE  C-9.  COMPUTATION  OF  THE  FALSE  ALARM  RATE 


Statistic 

Number 

N=3 

of  Overlapping  F 
N=4 

eplies,  N 
N=5 

Method  of 
Computati on 

Expected  number 
of  false  track 
acquisitions 
per  second 

0.0561 

1.84 

21.0 

Table  C-1 , 
bottom  row 

Conditional 
probability  of 
false  track  es- 
tabl ishment, 
given  false 
acquisition 

0.6407x10’® 

1.276x10’^ 

7.211x10’^ 

Eq.  C-44  (ob 
tained  from 
Tables  8a, 
b,  c 

Conditional 
probability  of 
false  alarm, 
given  that  a 
false  track 
vfas  established 

0.0339 

0.0339 

0.0339 

Eq.  C-46 

Expected  false 
alarm  rate, 
alarms  per 
hour,  exper- 
ienced by  one 
interrogator 

4.39x10’® 

0.287 

185 

Product  of 
above,  times 
3600  sec/hr 

T 


(1)  the  total  number  of  aircraft  in  the  four  groups  would 
be  four  times  the  number  given  by  Eq.  C-46a,  and 

(2)  the  overall  false  alarm  rate  for  the  four  groups  would 
be  four  times  that  given  in  Table  C-9  (bottom  row). 

These  results  are  summarized  in  Table  C-10.  Thus,  even  if  the 
false  alarm  rate  of  1.1  per  hour  were  acceptable,  the  correspond- 
ing traffic  volume,  i.e.,  196  aircraft  within  20  nmi , is  still 
short  of  the  Ml2  aircraft  projected  for  the  Los  Angeles  terminal 
area  (FAA  projection  for  1982). 


TABLE  C-10.  FALSE  ALARM  RATES  AS  A FUNCTION  OF  AIRCRAFT  POPULATION* 


No.  of  over- 
lapping replies 

1 Without  "whisper-shout"  I 

With  "whis 

per-shout" 

No.  of  air- 
craft within 
20  nmi 

False  alarms 
per  hr 

I No.  of  air- 
craft within 
20  nmi 

False 
alarms 
per  hr 

3 

37 

4.4x10"^ 

148 

1.8x10'^ 

4 

49 

0.29 

196 

1.1 

5 

61 

185 

1 

244 

1 

740 

★ 

See  analysis  below  Eq.  C-46a. 


F.  TRACK  CAPACITY 

The  conditional  average  duration,  X,  of  a false  track, 
given  a false  track  acquisition,  is  obtained  as  follows: 

(1)  Let  f(n)  denote  the  conditional  probability  that  a 
false  track  was  maintained  for  n or  more  interroga- 
tions, given  a false  track  Initiation;  f(n)  is  simply 
the  first  non-zero  entry  in  the  nth  row  of  Tables  C-8a, 
b,  and  c.  In  terms  of  the  formulation  used  in 
Section  D,  f(n)  = 

(2)  In  terms  of  (1),  the  probability  that  a false  track 
is  maintained  for  n + 1 or  more  interrogations  is 
f(n+l). 
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(3)  The  probability  that  a false  track  is  maintained  for 
exactly  n interrogations  is  the  difference  between 
(1)  and  (2),  i.e.,  f(n)  - f(n+l). 

Consequently,  the  average  track  life,  X,  is 


X n[f(n)  - f(n+l)] 

n=l 


nf(n)  nf(n+l)  . 

n=l  n=l 


The  summation  index,  n,  in  the  second  sum  is  replaced  by  k-1  so 
that 


X =y;  nf(n)  - E (k-l)f(k) 
iT^l  k=2 


= z nf(n)  - f kf(k)  + E f(k)  (C-48) 
n=l  k=2  k=2 


= f(l)  + E nf(n)  - E + E T(k). 

n=2  k=2  k=2 


Since  the  first  and  second  summations  cancel,  and  since  f(l) 
can  be  combined  with  the  last  summation  by  extending  its  summa- 
tion index  down  to  k = 1,  we  obtain 


^ =E  f(k) 

k=l 


(C-i*9) 


Using  the  f(k)  from  Tables  C-8a,  b,  and  c (the  first  non-zero 
entry  in  any  given  row),  and  neglecting  co  itrlbutlons  beyond 
k = 26,  Eq.  C-^9  yields 


8.5^  sec  for  U=3 

- 11.7  sec  for  N=i< 

16.1  sec  for  N=5 
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TRACK  GENERATIONS 


The  number  of  false  tracks  in  the  track  file  Is  estimated 
from  the  simplified  "cookie-cutter"  model  shown  in  Fig.  C-3 • 
Here,  the  length  of  a horizontal  line  is  the  sum  of: 


(1)  The  conditional  average  duration,  X,  of  a false 
track,  given  that  a false  track  was  acquired. 

(2)  The  track  acquisition  time  of  3 sec  needed  for 
four  Interrogations. 


LEGEND 

A = MEAN  DURATION  OF  A FALSE  TRACK 

3 sec  = TRACK  ACQUISITION  TIME 

I = FALSE  TRACK  ACQUISITION  RATE 

r'  =MEAN  TIME  BETWEEN  NEW  FALSE 
TRACK  ACQUISITIONS 


NUMBER  OF 
/'  TRACKS  = (X +3)1 


X + 3 sec 


TIME 

9-27-76- !9 


FIGURE  C-3.  Computation  of  the  Expected  Number  of  False  Tracks 
In  the  Track  File 
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If  I = false  track  Initiation  rate,  as  computed  in  the  bottom 
row  of  Table  C-1,  then  (A+3)I  is  the  number  of  new  false  tracks 
acquired  during  the  life  time,  A+3,  of  any  one  false  track. 
Thus,  after  the  initial  X+3  sec,  the  average  number  of  false 
tracks  is 

False  tracks  = (A+3)I  (C-51) 

while  the  number  of  legitimate  tracks  is  Just  one-half  of  Eq. 
C-^6a  (the  other  half  is  assumed  to  be  receding  and  is  not 
entered  in  the  track  file): 

Legitimate  tracks  = ^ N (C-52) 

Introduction  of  "whisper-shout"  (cf.  Section  III-G)  might 
subdivide  the  aircraft  population  into  four  equal  nonoverlapp- 
ing groups.  If  the  number  of  overlapping  replies,  N,  is  the 
same  in  each  group,  then  Eqs.  C-51  and  C-52  give 


Legitimate  tracks, 

with  "whisper-shout",  = 2 x N (C-53) 


and 


False  tracks, 

with  "whisper-shout",  = 4(X+3)I  (C-5^) 

where  X is  given  by  Eq.  C-50,  and  I,  the  false  track  initiation 
rate,  is  given  in  the  bottom  row  of  Table  C-1. 

The  track  capacity  calculations,  together  with  the  false 
alarm  rates  computed  in  Table  C-10,  are  summarized  in  Table  C-11. 
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TABLE  C-11.  SL'MMARY  OF  FALSE  ALARM  RATES  AND  TRACK 
LOAD  ESTIMATES  (WITH  "WHISPER-SHOUT") 


Performance 

Characteristics 

Number  of 
repl 
N=3 

overlap 

ies,N 

N=4 

•ping 

N=5 

Method  of 
Computation 

Number  of  aircraft  (within  20  nmi) 
producing  the  indicated  reply 
overlap 

148 

196 

244 

Table  C-10 

False  alarms  per  hour,  per  inter- 
rogator, produced  by  the  indicated 
reply  overlap 

1.8x10"^ 

1.1 

740 

Table  C-10 

Number  of  legitimate  tracks 

74 

98 

122 

One-half*  of 
the  number  of 
aircraft  with- 
in 20  nmi 

Legitimate  tracks  plus  a lower 
bound  on  false  tracks** 

77 

Sum  of  above 
and  Eq.  C-54 

Track  capacity  of  present 
MCAS  prototype 

w200 

Informal  esti- 
mate by  MITRE 

★ 

The  other  half  of  the  aircraft  are  assumed  to  be  receding  from  the  inter- 
rogator and  are  therefore  not  entered  in  the  track  file. 


This  is  an  expected  value  calculation  and  does  not  include  peak  loading 
effects  nor  the  multiple  track  branches  generated  by  each  track,  legi- 
timate or  false. 


G.  EFFECTS  OF  A MODIFIED  AIRCRAFT  POPULATION  PROFILE 

When  there  are  no  responding  aircraft  within  1.6  nmi  of  a 
BCAS  interrogator,  then  the  preceding  results  are  modified  as 
follows.  First,  Eqs.  C-3,  C-4,  and  C-6  are  each  multiplied  by 

20  nmi  - 1.6  nmi  _ „ 




which  means  that  rows  (A)  and  (D)  of  Table  C-1  as  well  as  the 
top  row  of  Table  C-11  are,  each,  multiplied  by  0.92. 
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Secondly,  some  of  the  false  tracks  which  survived  up  to 
1.6  nml  of  the  Interrogator  will  be  terminated  within  one  or 
two  interrogations  depending  on  the  accumulated  false  replies 
prior  to  this  point.  Thus,  a lower  bound  on  the  number  of  false 
tracks  which  could  produce  a false  alarm  are  those  which  were 
Initiated  In  the  shaded  region  In  Fig.  C-^  (which  replaces  Fig. 
C-2).  For  example:  a false  track  Initiated  at  3.2  nml  with 

an  apparent  range  rate  of  32H  ft/sec  will  have  30  sec  for  track 
establishment.  At  the  end  of  this  time  It  will  be  1.6  nml  from 
the  Interrogator,  If  the  track  survives,  with  an  apparent  time- 
to-colllslon  of 


1.6  nml  X 6080  ft/nml 
32^  ft/sec 


30  sec. 


FIGURE  C-4.  Initial  Range  and  Range  Rate  of  False  Track 
Initiations  for  Modified  Aircraft  Population 
(Not  to  Scale). 
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and  this  is  within  the  alarm  boundary.  Similarly,  a false  track 
initiated  it  9.7^  nmi  and  an  apparent  range  rate  of  I65O  ft/sec 
will,  afte.-  30  sec  of  track  continuation,  reach  within  1.6  nmi 
of  the  interrogator  with  a projected  tlme-to-collision  of 

1.6  nmi  x 6080  ft/nmi  _ ^ 

1650  ft/sec  ^ 


In  general,  any  false  track  initiated  in  the  shaded  region  in 
Fig.  C-il,  and  surviving  for  30  sec,  (needed  for  track  establish- 
ment) will,  at  a 1.6  nmi  range,  have  a projected  time-to-collision 
of  6 sec  to  30  sec,  depending  on  where  the  track  was  started 
within  the  shaded  region. 

Since  track  starts  are  uniformly  distributed  between  1.6 
nmi  to  20  nmi  and  0 to  I650  ft/sec  (see  discussion  relating  to 
Fig.  C-2),  the  probability  of  a start  within  the  shaded  region 
in  Fig.  C-4  is 


1 

2 (1650  ft/sec  - 324  ft/sec)  x 6.5^  nmi 
1650  ft/sec  X (20  nmi  - 1.6  nmi) 


0.143 


(C-56) 


Thus  the  ratio  of  Eq.  C-56  to  Eq.  C-45,  multiplied  by  Eq.  C-55: 


0-143  ^ 

0.2035 


0.92 


0.65, 


(C-57) 


gives  the  factor  by  which  the  false  alarm  rates,  shown  in  Table 
C-11,  would  be  reduced  if  all  aircraft  within  1.6  nmi  of  the 
interrogator  were  removed.  However,  if  these  removed  aircraft 
were  redistributed  uniformly  between  1.64  nmi  and  20  nmi,  in 
order  to  preserve  the  total  aircraft  population,  then  the  reply 
overlap  would  have  to  be  increased  by  a factor  which  is  the 
reciprocal  of  Eq.  C-55-  Thus,  if  original  reply  overlap  were 
four,  then  the  new  overlap  becomes  (4/0.92)  = 4.35.  Because 
of  the  steep  increase  in  false  alarm,  rates  with  reply  overlap 
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(see  Table  C-11),  an  exponential  Interpolation  between  N = ^ 
and  N = 5 Is  used  to  obtain  the  false  alarm  rate  at  N = 4.35. 
Thus,  the  new  false  alarm  rate,  at  N = 4.35,  is  the  antilog  of 
(refer  to  Table  C-11  for  false  alarm  rates  at  N = 4 and  N = 5)» 

log  1.1  + ~ 1-1  (l*,35_4), 

multiplied  by  Eq.  C-57.  The  resultant  false  alarm  rate  becomes 
7.0  alarms  per  hour  compared  to  the  original  1.1  (see  Table  C-11 
for  N = 4).  Thus,  In  spite  of  the  fact  that  the  alarm  rate  de- 
creases by  35  percent  (see  Eq.  C-57)  when  the  close-in  aircraft, 
(within  1.6  nmi)  are  removed,  the  overall  false  alarm  rate  will 
Increase  almost  seven  times  when  these  same  aircraft  are  re- 
distributed uniformly  between  1.6  and  20  nmi. 


APPENDIX  D 

MULTIPATH  CONSIDERATIONS 

The  stylized  multipath  geometry  shown  in  Fig.  D-1  is  used 
to  derive  the  plots  in  Fig.  D-2.  These  are  terminated  at  8 nml, 
the  assumptions  being  that: 

1.  At  the  maximum  Instrumented  EGAS  range,  20  nmi , 
the  direct  signal  will  be  6 db  above  the  MDL 
(=mlnimum  detectable  level);  and 

2.  The  multipath  level  is  1^1  db  below  the  direct 
signal  level  (the  ANTC-117  specifies  a 10  db 
multipath  level)  so  that  beyond  8 nmi,  multi- 
path  is  below  the  MDL. 


The  significant  points  to  be  made  about  Fig.  D-2  are  as  | 

follows : 
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A.  Above  the  0.45  ysec  curve  (corresponding  to  the  pulse 
width),  the  multipath  component  b?comes  an  additional 
source  of  garble.  In  effect,  aircraft  within  8 nml 
of  the  interrogator  will  contribute  twice  as  much 
garble  as  the  aircraft  beyond  8 nml. 

B.  Between  1.225  ysec  and  1.675  ysec,  the  multipath  pro- 
pagated pulse  will  arrive  In  the  slot  allocated  to  the 
subsequent  pulse  of  the  altitude  code  (see  Fig.  D-2  of 
main  text  ).  Thus,  for  example,  a B2  pulse  arriving 
by  multipath  will  appear  in  the  D2  slot  (reserved  for 
aircraft  above  63,000  ft)  and  Is  therefore  decoded  as 
an  aircraft  above  63,000  ft.  Similarly,  a pulse 
will  appear  In  the  slot  assigned  to  transmissions 
above  31,000  ft. 

C.  Between  4.125  ysec  and  4.575  ysec  (see  Fig.  D-2)  the 
multipath  pulse  Is  delayed  by  three  slot  intervals 
(3x1.45  ysec  = 4.25  ysec).  Thus,  for  example,  a B^ 
pulse  arriving  by  multipath  appears  In  the  Dg  slot 
while  a B2  pulse  arriving  by  multipath  appears  In  the 

slot  (reserved  for  transmissions  above  31,000  ft). 

It  should  be  noted  that  the  B^  pulse  is  transmitted  by  all  air- 
craft In  alternating  2000  ft  altlt.ide  bands  (cf.  Fig.  2 of  Sec- 
tion I|I-E-2),  B2  is  transmitted  in  alternating  1000  ft  bands, 
while  B^i  is  transmitted  In  alternating  500  ft  bands. 

Thus,  multipath  can  be  a serious  limitation  for  MCAS,  more 
so  than  for  the  other  CAS  systems  evaluated  by  IDA.  The  reason 
Is  that  the  other  systems  had  some  freedom  in  selecting  their 
signal  formats;  in  each  instance,  time  guard  bands  were  pro- 
vided to  alleviate  the  multipath  interference  problem.  In  con- 
trast, MCAS  Is  limited  to  the  ATCRBS  format  which  was  not  in- 
tended for  the  multipath  geometries  encountered  in  air-to-air 
CAS  applications. 
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ALTITUDE,  thousands  of  foot 


FIGURE  D- 


RANGE,  ntni 


Plots  of  Altitude  versus  Range  Producing  the  Indi 
cated  Multipath  Delays.  (Multipath  source  is  as- 
sumed to  be  at  the  midpoint). 
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APPENDIX  E 

ESTIMATE  OF  AVERAGE  NUMBER  PULSES  TRANSMITTED  IN 
RESPONSE  TO  BOAS  INTERROGATIONS 

An  MCAS  transponder  will  respond  to  an  Interrogation  by 
transmitting  two  framing  pulses  (P^  and  F2)  separated  in  time 
by  20.3  ysec  and  a number  of  altitude  code  pulses  which  are 
spaced  at  1.^5  ysec  Intervals  within  the  time  separation 
between  the  two  framing  pulses.  Thirteen  pulse  positions 
are  possible  between  the  two  framing  pulses;  however,  only 
twelve  of  these  are  used  for  altitude  encoding.  The  seventh 
vulse  position  is  designated  as  the  "X"  pulse  and  is  not  used 
by  the  EGAS.  An  ATCRBS  transponder  may  also  transmit,  upon 
command  from  the  ground,  a "SPI"  pulse  after  transmission  of 
the  second  framing  pulse  (i.e.,  F^).  The  "SPI"  pulse  is  not 
used  by  the  EGAS  system. 

The  ATGRES  altitude  transmission  code  is  shown  in  Fig.  E-1 
The  code  consists  of  two  Gray  codes;  one  with  a 500-foot  incre- 
ment, and  the  other  with  a 100-foot  Increment.  The  100-foot 
Increment  code  is  transmitted  in  pulse  positions  G^,  G2  and  Gl; 
and  the  500-foot  Increment  code  uses  pulse  positions  E^ , E2,  El 
A4,  A2,  A1,  , and  D2.  (The  D1  position  is  not  used).  The 

position  of  these  bits  in  the  reply  pulse  transmission  sequence 
is  shown  at  the  bottom  of  Fig.  E-1. 

Eight  code  values  are  possible  with  the  three  "G"  bits; 
however,  only  five  codes  are  used.  (The  code  values  of  0,  5 
and  7 are  not  used.)  We  will  assume  that  aircraft  are  randomly 
distributed  over  the  500-ft  unambiguous  altitude  Interval  of 
the  "G"  bits  so  that,  on  the  average,  1.4  "G"  bit  pulses  are 
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FIGURE  E-1.  Altitude  Transmission  Code 


transmitted.  Tiie  unambiguous  altitude  Interval  of  the  B4  bit 
is  2000  ft  and  that  of  the  B2  bit  is  4000  ft.  We  will  assume 
that  the  aircraft  are  randomly  distributed  over  these  bit 
intervals  so  that  the  B2  and  B4  bits  can  be  expected  to  con- 
tribute another  pulse  to  the  average  pulse  transmission  rate. 

So  far,  the  average  pulse  transmission  rate  consists  of  2 
framing  pulses:  1.4  "C"  bit  pulses  and  1 B2/B4  pulse,  giving 

a total  of  4.4  pulses  per  Interrogation.  This  does  not  include 
the  Bl,  A4 , A2,  Al,  D4,  or  D1  bits.  The  unambiguous  altitude 
Intervals  of  these  bits  are  large  so  that  their  expected 
occurrence  will  be  sensitive  to  the  altitude  distribution  of 
the  aircraft . 

The  altitude  distribution  of  the  PAA  static  traffic  model 
for  the  1982  LA  Basin  is  presented  in  Table  E-1.  Also  shown 
In  the  table  Is  the  altitude  at  which  the  higher-order  alti- 
tude bits  are  transmitted.  For  example,  the  Bl  bit  Is  trans- 
mitted if  the  altitude  of  the  aircraft  Is  between  1000  ft  and 
5000  ft;  between  9000  ft  and  12,000  ft;  between  17,000  ft  and 
21,000  ft;  or  between  26,000  ft  and  29,000  ft.  In  the  table, 
the  altitudes  of  the  aircraft  are  quantized  in  500-ft  incre- 
ments below  10,000  ft  and  In  1000-ft  increments  above  10,000  ft. 
The  changes  in  the  altitude  bits  coincide  with  the  quantization 
of  the  aircraft's  altitudes  and  can  result  in  a high  estimate 
In  the  number  of  bits  transmitted.  For  example,  the  table  lists 
40  aircraft  at  1000-ft  altitude.  If  all  of  these  aircraft  are 
exactly  at  1000-ft  altitude,  they  will  all  transmit  a Bl  alti- 
tude bit.  Hov/ever,  If  half  of  the  aircraft  are  between  1000  ft 
and  1250  ft  and  the  other  half  are  between  750  ft  and  1000  ft, 
only  20,  rather  than  40,  Bl  bits  will  be  transmitted  by  this 
group  of  aircraft.  To  take  this  effect  into  account,  the  number 
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of  pulses  transmitted  at  a code  transition  altitude  is  assumed 
to  be  an  average  of  the  number  of  high  order  bit  pulses  trans- 
mitted at  the  quantized  altitude  above  and  below  the  transmis- 
sion altitude.  Also,  to  simplify  the  calculation,  all  aircraft 
above  30,000  ft  are  assumed  to  transmit  an  average  of  2.5  high- 
order  altitude  bits. 

There  are  797  aircraft  listed  in  Table  E-1,  and  an  average 
of  1275.5  high-order  altitude  bits  would  be  transmitted.  The 
per  aircraft  average  is  therefore  1.6  pulses.  Adding  this  to 
the  low  order  bits  and  the  framing  pulse  gives  an  average  of 
6.0  pulses  per  aircraft  per  transmission. 
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TABLE  E-1.  ALTITUDE  DISTRIBUTION  OF  AIRCRAFT  IN  THE  1982  L.A, 
BASIN  STATIC  TRAFFIC  MODEL 


APPENDIX  F 


EFFICACY  OF  WHISPER-SHOUT  AND  RESUPPRESSION 
IN  REDUCING  EFFECTS  OF  GARBLE 


A.  GENERAL 

Synchronous  reply  interference  or  synchronous  garble  is 
recognized  as  a severe  problem  in  the  MITRE  BCAS . MITRE  has 
devoted  considerable  effort  in  devising  a tracker  mechanization 
that  will,  it  is  claimed,  permit  tracking  an  individual  intruder 
in  a group  of  as  many  as  eight  replying  aircraft  within  ^1.644 
nmi  (-20.3us)  of  the  given  Intruder.  It  should  be  noted  that 
eight  aircraft  over  ^1.644  nmi  corresponds  to  four  over  a range 
Interval  of  1.644.  All  future  references  to  aircraft  density 
will  mean  the  latter,  i.e.  number  per  1.644  nmi  range  increment. 

MITRE  has  not  estimated  the  reliability  of  decoding  altitude 
messages  in  such  a condition,  nor  has  MITRE  supplied  any  statis- 
tically significant  experimental  evidence  that  reliable  altitude 
data  can  be  expected  in  such  a condition.  In  high  density 
traffic  predicted  for  the  Los  Angeles  (LAX)  Basin  in  1982,  it 
is  expected  that  the  condition  of  such  garbling  levels  will  be 
exceeded  over  considerable  areas.  Consequently,  MITRE  has  pro- 
posed using  the  v;hlsper-shout  technique  to  partition  the  popula- 
tion in  any  range  interval.  Lincoln  Laboratories  has  also 
proposed  a different  technique,  called  resuppression,  to  further 
partition  the  group  resulting  from  whisper-shout.  MITRE  has 
proposed  using  both  techniques  simultaneously.  It  is  expected 
that,  in  an  operational  BCAS,  whisper-shout  and  resuppression 
would  each  provide  a four-to-one  partition  so  that  the  overall 
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effect  would  be  a sixteen-to-one  partition.  Presumably,  if  the 
tracker  can  accommodate  up  to  four  aircraft  within  a range 
increment  of  1.644  nmi  then  whisper-shout  and  resuppression 
would  permit  as  many  as  64  aircraft  within  a range  increment  of 
1.644  nmi . 

B.  RESUPPRESSION 

Lincoln  Laboratories'  resuppression  scheme  is  similar  to 
the  whisper-shout  in  that  a sequence  of  interleaved  suppression 
interrogation  pulse  pairs  and  mode-C  interrogation  pulse  pairs 
are  transmitted  by  MCAS.  The  separation  between  the  suppres- 
sion pair  and  the  mode-C  pair  are  varied  to  selectively  inter- 
rogate the  different  groups  of  transponders.  The  operation 
depends  on  the  tolerances  that  exist  in  the  recovery  of  the 
transponders  to  a suppression  pair.  The  specification  on  recov- 
ery is  25-45  ys.  Thus,  if  the  first  suppression  pair  and  inter- 
rogation pair  were  separated  by  30  ys,  only  those  transponders 
whose  recovery  were  less  than  30  ys  would  respond  to  the  follow- 
ing mode-C  interrogation  pair.  For  the  second  group,  two  sup- 
pression pairs  separated  by  30  ys  are  transmitted.  These  two 
suppression  pairs  effectively  suppress  the  first  group  which 
is  suppressed  by  each  of  the  suppressions.  The  two  suppression 
pairs  are  followed  by  a mode-C  interrogation  pair  after  a delay 
of  about  5 ys.  Only  those  transponders  which  recover  after  the 
first  pulse  of  the  second  suppression  pair  and  before  the  first 
pulse  of  the  mode-C  interrogation  pair  reply  in  this  group. 

Subsequent  groups  are  similarly  stimulated  to  respond 
using  two  suppression  interrogation  pairs  followed  by  mode-C 
interrogation  pairs.  Thus,  the  population  is  divided  into  groups 
by  virtue  of  the  recovery  times  following  a suppression  interro- 
gation pair.  It  has  been  observed  that  some  transponders  do  not 
operate  as  expected  inasmuch  as  th"*  second  suppression  pair  may 
suppress  the  transponder  for  longer  times  than  expected.  Also, 
data  does  not  exist  on  the  stability  of  the  suppression  time 
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as  the  vai'iatlon  with  incident  power  level  (or  range  for  a 
constant  interrogation  power  level)  which  may  reduce  the 
effectiveness  of  this  technique.  Lincoln  Laboratories  has 
estimated  that  the  groups  could  be  separated  by  as  little  as 
2 ys,  but  presented  little  data  to  support  this  contention. 

C.  MEASURED  SUPPRESSION  DATA  AND  INTERROGATION  SEQUENCES 

Measured  suppression  data  on  448  general  aviation  ATCRBS 
transponders  given  by  Colby  & Crocker  cannot  be  approximated 
well  by  the  more  common  distributions  (linear  and  normal). 

Figures  F-1,  F-2  and  F-3  show  the  same  data  plotted  on  linear, 
normal  and  log-normal  paper.  The  linear  fit  seems  to  be  as 
appropriate  as  the  others.  The  population  can  be  broken  up 
into  four  equal  parts  for  suppression  times  of  approximately 
29,  33  and  38  ysec.  It  will  be  assumed  that  the  suppression 
time  is  Independent  of  power  level,  but,  clearly,  if  suppression 
time  is  used  to  separate  transponders  into  groups,  data  on 
power  sensitivity  and  suppression  stability  must  be  collected 
before  an  MCAS  that  uses  it  is  designed. 

The  tails  of  the  distribution  cause  some  difficulties. 

On  the  low  side,  one  transponder  had  a suppression  time  of  only 
8ys  and  5^  had  suppression  times  of  less  than  25us.  However, 
on  the  high  side  the  tail  is  very  long.  There  was  one  trans- 
ponder that  did  not  recover  until  1.4ms  and  5%  exceeded  50ys. 

To  assure  that  no  transponder  replies  more  than  once  the  separa- 
tion between  the  second  suppression  interrogation  pair  and  the 
mode-C  interrogation  pair  should  not  exceed  8ys  (the  shortest 
suppression  recovery  of  the  population;.  However,  using  8ys* 

Imiplles  that  170  sequences  of  two  suppression  interrogations 
and  mode-C  Interrogations  must  be  used  for  the  tail.  If  as  few 
as  of  the  transponders  were  permitted  to  respond  more  than 

*Because  there  are  several  modes  to  which  transponders  will  res- 
pond, e.g..  Mode  3/A  with  8ys  spacing  between  P.  and  P,  and  Mode  C 
with  21ys  spacing,  it  will  be  necessary  to  avoid  some  specific  spac- 
ings  betwp^en  suppressions  since  a transponder  may  recover  for  the 
P„  of  the  first  suppression  and  interpret  the  next  P,  or  P_  of  a 
suppression  as  the  P,  of  a valid  Interrogation.  Such  an  effect 
is  important  as  a source  of  synchronous  garble  but  has  been  Ignored 
here . 
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SUPPRESSION  DELAY,  usee 
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FIGURE  F-1.  Transponder  Distribution  versus  Recovery  Delay 
After  Suppression  (linear) 
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FIGURE  F-2.  Transponder  Distribution  versus  Recovery  Delay 
After  Suppression  (log-normal) 
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I 

once,  then  this  delay  could  be  increased  to  about  20ps  but  still  j 

68  sequences  must  be  used  for  the  tail.  If  one  v;ere  satisfied 

with  Ignoring,  i.e.  not  interrogating  the  0.9%  of  the  tall  I 

beyond  about  IlOys,  then  the  delay  of  20ys  would  require  only  j 

i 

four  sequences  for  the  tail. 

In  summary,  the  long  tail  for  suppression  recovery  delays  , 

greater  than  the  specified  maximum  value  of  ^5ys  requires 
increasing  the  number  of  sequences  from  a nominal  value  of  4 to 
7 and  a total  of  13  suppression  Interrogation  pulse  pairs  and  l 

7 mode-C  pulse  pairs  would  be  required.  With  such  a sequence  j 

I 

approximately  0.9%  of  the  transponders  would  not  reply  and  | 

about  1%  would  reply  more  than  once.  Table  F-1  summarizes  the  | 

I 

corresponding  populations.  Note  that  in  the  interest  of  reduc-  I 

ing  sequences  further  by  extending  the  delay  between  the  second  I 

suppression  and  the  mode-C  Interrogation  there  is  little  to  be  | 

gained  because  the  fraction  of  the  population  that  replies  ' 

more  than  once  increases  so  rapidly  from  20ys  (1%)  to  29ys  (.25%). 

The  only  real  alternative  is  to  not  interrogate  more  transponders 

as  shown  in  Table  F-2.  ' 

The  only  solution  to  the  long  tails  appears  to  be  a program 
to  mandate  that  transponders  meet  the  specification  and  then 
police  the  transponders. 

D.  TRAFFIC  DENSITY  AND  TRANSPONDER  SENSITIVITY  DISTRIBUTIONS 
1 . T raff i c Model 

The  traffic  density  model  that  IDA  has  used  in  previous 
airborne  CAS  studies  is  based  on  the  FAA's  prediction  of  traffic 
in  the  Los  Angeles  (LAX)  Basin  for  1982.  Figure  F-4  shows  the 
cumulative  distribution  of  traffic  from  LAX  airport  for  air- 
craft below  10,000  ft  and  for  all  aircraft.  A functional 
representation  of  the  m.odel  is  also  Included  in  Figure  F-4. 

Figure  F-3  shows  the  density  of  aircraft  in  an  Incremental  range 
of  1.644  nmi , corresponding  to  the  ATCRBS  reply  duration  of 
20.3ys.  The  peak  density  of  about  4l  aircraft  occurs  in  the 
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TABLE  F-2.  SUMMARY  OF  MISSED  TRANSPONDERS  VERSUS  NUMBER 
OF  GROUPS.  (20  us  delay  for  tails) 


Number  of 
Groups 

Fraction  Not 
Interrogated 

Delay  Range(ys)of  Those 
Not  Interrogated 

4 

0.036 

58-1 398 

5 

0.016 

78-1398 

6 

0.013 

98-1398 

7 

0.009 

108-1398 
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FIGURE  F-5. 


Density  of  Aircraft  versus  Range  (FAA  - 1982  LAX 
Projection ) 


vicinity  of  10  nmi ; the  average  density  is  about  35  aircraft 
between  0 and  20  nmi . 
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2.  Transponder  Sensitivity 

The  specified  sensitivity  of  the  ATCRBS  transponders  is 
nominally  71  dbm  with  limits  between  69  and  77  dbm.  Colby  and 
Cocker  have  given  measured  sensitivity  data  on  505  transponders, 
including  463  general  aviation  and  42  military  and  air  carrier 
trahsponders . The  measured  sensitivity  data  in  db  approximately 
are  normally  distributed  with  a mean  of  -71-3  dbm  and  standard 
deviation  of  6.16  db . The  distribution  is  slightly  skewed  with 
a longer  tail  on  the  poorer  sensitivity  side.  Figure  F-6  shows 
the  sensitivity  data  plotted  on  normal  graph  paper.  More  than 
half  of  the  measured  transponders  deviated  from  the  specifica- 
tion; 38/6  had  poorer  sensitivities  than  the  -69  dbm  limit  and 

about  14^  had  better  sensitivities  than  the  -77  dbm  limit. 

For  purposes  of  the  following  calculations,  the  transponder 
population  will  be  assumed  to  be  normally  distributed  with  a 
mean  of  -71  dbm  and  standard  deviation  of  6db. 

E.  COMBINED  WH I SPER- SHOUT  AND  RESUPPRESSION 

It  is  assumed  that  resuppression  can  separate  the  popula- 
tion into  four  equal  groups  or,  if  more  than  the  minimum 

resuppression  delays  are  needed  for  the  tails,  that  the  maximum 

fraction  in  any  one  group  is  O.25.  It  is  also  assumed  that  the 
whisper-shout  technique  employs  four  power  levels  and  that  the 
population  based  on  transponder  sensitivity  is  divided  into 
subgroups  at  a range  of  20  nmi  as  follows: 


Power,  dbw 

Fractional 

Subpopulation 

Cumulative 

Population 

+6 

0.02 

0.02 

+12 

0.14 

0.16 

+ 18 

0 . 34 

0.50 

+ 30 

CO 

0 

0.98 

Not  responding 

0.02 

1.00 

In  addition  to  transponders  with  suppression  recovery  in 
excess  of  lOSps  (.009  of  the  population,  see  above  discussion 
on  resuppression)  an  additional  0.02  fraction  does  not  respond 
at  20  nmi  but  will  respond  at  shorter  range,  e.g.,  all  but 
0.0008  fraction  respond  at  10  nmi.  The  above  adjustment  has 
been  made  arbitrarily,  but  follows  closely  one  suggested  by 
MITRE.  The  maximum  power  of  30  dbw  and  sensitivity  of  -59  dbw 
correspond  approximately  with  the  communication  range  of  20  nmi 
that  one  would  expect. 


Figure  P-7  shows  plots  of  range  (left-hand  ordinate  scale 
in  1.64^1  nmi  increments  and  right-hand  ordinate  in  db  referenced 
to  1 nmi)  versus  sensitivity  (dbm)  and  the  corresponding  cumu- 
lative transponder  population.  The  parameter  on  the  diagonal 
lines  is  interrogator  power  (dbw).  The  power  line  for  1,000 
watts  (30  dbw)  has  been  adjusted  to  provide  a response  from  a 
-59  dbw  transponder  at  a range  of  20  nmi  (26  db  nmi).  Approxi- 
mately 2.3%  of  the  transponders,  those  with  sensitivities  poorer 
than  -59  dbm,  do  not  respond  at  20  nmi  to  1,000  watt  interroga- 
tions. Note  that  no  attempt  has  been  made  to  account  for  propa- 
gation losses  other  than  due  to  range,  e.g.,  for  antenna  pat- 
terns, multipath  and  other  interference  sources.  At  the  1,000- 
watt  power  level,  the  range  and  fractional  population  not  re- 
sponding (ignoring  failed  transponders,  estimated  at  6%  and 
others  out-of-specification  for  causes  other  than  sensitivity, 
estimated  at  ^%)  is  given  below: 


;e  (nmi) 

Percent  of  Population 

20.0 

2.3 

15.9 

1.0 

13.3 

0.5 

11.2 

0.25 

9.4 

0.1 
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The  following  table  taken  from  Figures  F-6  and  F-7  gives 
the  fractional  population  and  the  maximum  number  of  aircraft, 
Including  the  resuppression  factor  of  0.25,  in  parentheses  for 
each  power  level.  Except  for  roundoff  errors,  the  sum  of  the 
number?  In  parentheses  in  each  line  should  equal  one  quarter 
of  the  total  incremental  population,  last  column. 

TABLE  F-3.  AVERAGE  NUMBER  OF  AIRCRAFT  IN  EACH  SUBPOPULATION 


Total  A/C 
Incremental 


Group  (1) 

P - 6dbw 

12dbw 

18dbw 

30dbw 

Population 

1 

0.99(2.5) 

.01 

- 

- 

10 

2 

0.84(4.6) 

.14(0.8) 

.02(0.1) 

- 

22 

3 

0.61(4.7) 

.29(2.3) 

.09(0.7) 

.01 

31 

4 

0.43(4.0) 

. 37(3.4) 

.17(1.6) 

.03( .2) 

37 

5 

0.30(2.9) 

.38(3.7) 

.24(2.3) 

.08(.8) 

39 

6 

0.20(2.1 ) 

.36(3.7) 

.31 (3.2) 

.13(1 .3) 

41 

7 

0.14(1.4) 

.34(3.5) 

.35(3.6) 

.17(1.7) 

41 

8 

0.10(1.0) 

.30(3.1) 

.37(3.8) 

.23(2.4) 

41 

9 

0.07( .7) 

.25(2.5) 

.38(3.8) 

.30(3.0) 

40 

10 

0.05( .5) 

.21(2.1) 

.38(3.7) 

.36(3.5) 

39 

11 

0.35(.3) 

.18(1.7) 

.37(3.4) 

.415(3.8) 

37 

12 

0.025( .2) 

.15(1.3) 

.35(3.0) 

.475(4.0) 

34 

The  tabulations  suggest  that  the  subpopulation  can  be 
limited  to  a maximum  of  four  aircraft  per  1.64M  nmi  except  in 
the  region  1.644-^1.933  nmi  where  the  number  reaches  4.7. 
Unfortunately,  at  this  shorter  range,  decoding  of  the  altitude 
is  very  critical  and  the  tabulated  data  suggests  that  the 
estimation  of  altitude  may  be  highly  unreliable. 
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F.  COMMENTS  ON  THE  ORTHOGONALITY  AND  MUTUAL  COMPATIBILITY  OF 
COMBINED  USE  OF  POWER  PARTITIONING  AND  RESUPPRESSION 


Originally,  MITRE  proposed  a four-quadrant  sectored  top 
antenna  and  an  onmi  bottom  antenna  for  MCAE  plus  the  whisper- 
shout  technique.  Tn  hlgh-denslty  environments  an  MCAS  using 
four  power  levels  would  transmit  five  sequences  of  four  mode- 
C interrogations  interleaved  with  three  suppression  interro- 
gations, for  a total  of  20  mode-C  interrogations  and  15  sup- 
pression interrogations.  With  the  sectored  antenna  it  was 
assumed  that  garble  in  a given  range  cell  could  be  suppressed 
by  at  least  a factor  of  two  and  that  the  four  power  levels 
would  provide  an  additional  factor  of  2-A  for  an  effective 
reduction  of  garble  in  a range  cell  of  ^-8  times.  If  such 
reductions  were  deemed  inadequate  for  high-density  traffic  it 
was  suggested  to  increase  the  number  of  power  levels. 

Because  of  the  general  dissatisfaction  with  the  garble- 
reductlon  potential  of  the  sectored  antenna  and  the  perceived 
difficulty  in  installation  of  such  an  antenna,  it  has  been 
abandoned  and  the  Lincoln  Laboratory  resuppression  scheme  has 
been  substituted.  With  the  latter  technique  it  is  assumed  that 
the  aircraft  population  can  be  divided  so  that  a resuppression 
group  at  a range  cell  would  have  less  than  25^  of  the  popula- 
tion and  combined  with  the  four  power  levels  the  overall  garble- 
reduction  factor  would  be  between  8-l6.  MITRE  has  not  explained 
exactly  how  the  two  techniques  v;ould  be  used,  but  some  discus- 
sion of  how  the  two  techniques  might  be  implemented  will  suggest 
the  difficulties  that  may  exist  with  mutual  compatibility. 
Nevertheless,  for  purposes  of  analysis  above  it  was  assumed 
that  the  two  techniques  are  compatible. 

Consider  part  of  the  sequence  used  in  the  resuppression 
technique,  consisting  of  a two  suppression  interrogation  pulse 
pairs  separated  by  a delay  t^  and  followed  by  a mode-C  interro- 
gation pulse  pair  delayed  by  t2  as  follows: 
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The  first  suppression  (S^)  is  Intended  to  suppress  the  entire 
population  in  a given  range  cell  (1.644  nmi ) . A1.1  transponders 

that  have  recovered  from  in  the  interval  t^  are  resuppressed 
by  and  t^  is  made  sufficiently  short  that  none  of  the 
resuppressed  transponders  can  respond  to  the  mode-C  interroga- 
tion. Also,  some  of  the  transponders  that  are  suppressed  by 
do  not  recover  by  the  time  that  the  first  pulse  of  the 
mode-C  interrogation  is  received  and  consequently,  those  trans- 
ponders do  not  respond  to  the  mode-C  interrogating  either. 

Only  the  transponders  that  are  suppressed  initially  by  and 
recover  during  t2  can  respond  to  the  mode-C  interrogation. 

When  one  considers  next  the  Impact  of  the  MITRE  power- 
level  partitioning,  some  arrangement  of  additional  suppressions 
must  be  introduced  to  deny  responses  from  transponders  that  have 
previously  responded  at  lower  power  levels.  One  possibility 
would  be  to  Introduce  a suppression  (S^)  pair  at  the  previous 
power  level  during  the  interval  t^  just  prior  (t^)  to  the 
mode-C  interrogation  as  follows; 
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Such  an  approach,  however,  has  the  following  difficulty.  Those 
transponders  that  had  recovered  previously  at  the  power  level 
of  during  the  interval  t^  and  had  responded  to  the  subsequent 
lower-level  mode-C  interrogation  will  again  respond  to  the 
present  mode-C  interrogation.  The  same  population  will  respond 
to  all  higher  power-level  Interrogation  sequences  as  well. 

The  interval  t^  can  be  reduced  to  as  little  as  2ys  in  which 
case  the  second  pulse  of  will  overlap  the  first  pulse  of 
the  mode-C  interrogation.  In  fact,  MITRE  had  proposed  origi- 
nally a 2ps  spacing  between  the  lower  power-level  suppression 
and  the  mode-C  interrogation  for  its  power-level  partitioning. 
However,  it  is  believed  it  was  discarded  because  some  trans- 
ponders would  not  suppress  properly  vfith  as  large  a power-level 
difference  as  MITRE  wanted  to  use  between  the  suppression  and 
the  mode-C  interrogations.  Nevertheless,  assuming  t^  = 2ys  and 
t2  has  the  values  suggested  above  (29,  5 and  20ps),  then  the 

efficacy  of  the  power-level  partitioning  will  be  reduced  con- 
siderably, particularly  for  ^2  = ^ and  5vs.  The  worst  case  is 
for  t2  = 4ps.  If  the  power  level  partitioning  resulted  in  four 
equal-size  groups  in  a given  range-garble  cell  then  at  the 
highest  power  level,  in  addition  to  those  that  should  respond, 
half  of  those  that  responded  to  the  previous  power  levels  would  . 
also  respond.  The  result  would  be  an  increased  number  of  re- 
plies by  a factor  of  ^.5/8  = 2.5  or  an  efficiency  of  power  par- 
titioning of  only  a factor  of  1.6. 

Another  approach  that  is  even  less  satisfactory  would  be 
to  change  the  resuppression  delays  at  each  power  level.  In 
this  approach,  the  interval  t^  would  be  made  the  same  as  the 
interval  t2  of  the  previous  power  level  as  follows: 
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Such  a scheme  does  not  overcome  the  objection  of  the  previous 
scheme  and  has  an  additional  drawback.  Even  for  = 2,  if 
for  the  lowest  power  level  one  of  the  t2's  - or  5ys,  the 
highest  power  level  t^'s  will  be  greater  by  6ys.  In  the  worst 
case,  if,  at  the  lowest  power  level,  ^ and  5ys  and  each 

Included  0.25  of  the  population,  the  new  t2  = 10  would  Include 
more  than  0.5  of  the  population.  In  the  light  of  the  above 
discussion,  the  numbers  of  aircraft  in  a given  garble-range 
cell  were  recalculated  for  the  first  method  suggested  for 
combining  power  partitioning  and  resuppression.  The  results 
are  given  in  Table  F-^i.  Comparison  with  the  results  of  the 
previous  Table  P-3  show  that  the  maximum  number  of  aircraft  in 
a subgroup  has  increased  from  . 7 to  6.6  and  that  in  more  than 
half  of  the  tabulated  groups  the  number  equals  or  exceeds  6.0. 
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TABLE  r-4.  AVERAGE  NUMBER  OF  AIRCRAFT  IN  EACH  SUBPOPULA- 
TION ASSUMING  FIXED  RESUPPRESSION  DELAYS  AND 
2ys  LOWER-POWER-LEVEL  SUPPRESSION  DELAYS.* 


Total  A/C 
Incremental 


Group  ( i ) 

P = 6dbw 

12dbw 

1 8dbw 

30dbw 

Popul ati on 

1 

0.99(2.5) 

.51(1.3) 

.50(1.3) 

.50(1.3) 

10 

2 

0.84(4.6) 

.56(3.1 ) 

.51(2.8) 

.50(2.8) 

22 

3 

0.61(4.7) 

.60(4.6) 

.54(4.2) 

.51(3.9) 

31 

4 

0.43(4.0) 

.585(5.4) 

.57(5.3) 

.52(4.8) 

37 

5 

0.30(2.9) 

.53(5.2) 

.58(5.7) 

.54(5.3) 

39 

6 

0.20(2.1 ) 

.46(4.7) 

. 59(6.0) 

.57(5.8) 

41 

7 

0.14(1.4) 

.41(4.2) 

.59(6.0) 

.59(6.0) 

41 

8 

0.10(1.0) 

.35(3.6) 

.57(5.8) 

.62(6.3) 

41 

9 

0.07(0.7) 

.29(2.9) 

.54(5.4) 

.65(6.5) 

40 

10 

0.05(0.5) 

.24(2.3) 

.51(5.0) 

.68(6.6) 

39 

1 1 

0.035(0.3) 

.20(1 .8) 

.48(4.4) 

.71(6.5) 

37 

12 

0.025(0.2) 

.16(1.4) 

.44(3.7) 

.74(6.3) 

34 

*Worst  case  for  resuppression  partitioning  corresponding  to 
the  population  with  the  29-33PS  delay  in  which  population 
with  31-33V1S  delay  responds  at  higher  power  levels. 


APPENDIX  G 

THE  ALPHA-BETA  TRACKER 

The  alpha-beta  tracker  Is  a computer  algorithm  which,  on 
the  basis  of  range  measurements,  provides  smoothed  estimates 
and  predictions  of  range  and  range  rate.  The  tracker  equations 
are  as  follows; 


r =r  +a(r-r  ) 
n np  n np 


t = t +^(r-r  ) 

n np  T n np 

(G-la,  b,  c,  d) 

r = r T + T r , 
np  n-1  n-1 


r = r T 
np  n-1 


where  r and  are  the  estimated  range  and  range  rate  for  the 
nth  sample  after  the  range  measurements,  r^,  is  obtained;  r^^^ 
and  r^p  are  the  predicted  range  and  range  rate  for  the  nth 
sample  before  the  range  measurement  r^  was  obtained;  T is  the 
time  betv/een  samples  (=  1 sec  for  MCAS);  and  a and  B are  dimen- 
sionless tracker  parameters. 

Application  of  z-transforms*  to  Eqs.  G-1  yields 


See,  for  example.  Chapter  4 of  "Sampled  Data  Control  Systems" 
by  Ragazzini  and  Franklin. 


4 


r 


R = R + a(R-R  ) 

P P 

ft  = R +1  (R-R  ) 
p T p 

(G-2a,  b,  c,  d) 

R = z“^  R + T z"^  ft 
P 

ft  = ft 

P 

/S  /V  /V 

where  R,  R , R,  ft  and  ft  are  the  z-transforms  of  r^,  r r„, 
’/vp’*p  n’np  n’ 

and  r^  respectively. 

Equation  G-2d  is  substituted  into  Eq.  G-2b  and  the  result  is 
solved  for  R: 

R = f 

1-z  ^ 

Equations  G-3  and  G-2a  are  substltued  into  Eq,  G-2c  which  becomes 
Solving  for  R^  and  rearranging  terms  yields 


_r (g+e)z~^  - az~^ 

P Ll  - (2-a-e)z~^  + (l-a)z"^ 

The  tracker's  range  gate  is  centered  on  the  predicted  range, 
r^p,  and  the  gate  must  be  wide  enough  to  accommodate  the  differ- 
ence between  the  measured  range,  r , and  the  predicted  range 
r^p.  Thus,  the  quantity  of  interest  is  R - Rp  which  follows 
from  Eq.  G-5: 


(G-5) 


G-2 


A 


7 


1 


R - R 


_ (g+6)z  ^ - az~^ ”1 

1 - (2-a-3)z~^  + (l-a)z“^J 


R 


(l-z~^)' 


Ll  - (2-a-e)z“^  + (l-a)z"^ 


R 


(G-6) 


The  range  measurement,  r^,  Is  represented  by 


^n  = Tq  + Vnt  + I g(nT)^  + 


(G-7) 


where  T is  the  time  between  samples;  nT  is  time,  V is  the  range 

rate,  g is  the  acceleration;  r^  is  the  range  at  nT  = 0;  and  e^ 

is  the  range  measurement  error.  Application  of  the  final  value 

theorem  for  z-transforms  shows  that  r + VnT  makes  no  contrlbu- 

o 

tion  to  R - R . The  contribution  of  the  acceleration  term, 
whose  z-transform  is 


gT^ 

^ (l-z-h3 


is  given  by 


(R-R. 


= lim 
Z-+1 

= Elf 
3 


d-z"^) 


*■ 

(1-Z 


- (2-a-3)  + (l-a)z 


-1 


^ z~^(l+z 


(1-Z~^)' 


(G-8) 


The  contribution  of  the  measurement  error  term  (in  Eq.  G-7) 

is  evaluated  by  assuming  independent  errors  from  sample-to-sample ; 

any  bias  errors  will  cancel  as  far  as  the  difference  r - r 

n np 


is  concerned.  If  w 


0 = 


w. 


n 


denotes  the  tracker  re- 


sponse, r^  - r^p,  due  to  a unit  sample  input,  and  this  response 


G-3 


is  simply  the  Inverse  z-transform  of  the  bracketted  factor  in 

Eq.  G-6,  then  the  steady-state  variance  of  r -r  due  to  measure 

n np 

ment  errors  Is  given  by 


n=0 

2 

where  is  the  variance  of  the  range  measurement  error,  and 
y,  is  the  inverse  z-transform  of 


W(  z) 


(1-z  ^)' 


1 - (2-a-B)z  ^ + (l-a)z~^ 


(G-10) 


The  theorem  for  the  sums  of  squares  of  sample  sequences 
(see  cited  reference),  gives 


2 '^n^  " 2ij/ W(z)W(z‘^)z"^  dz  (G-11) 

n=o  r 

where  J = /^,  and  f is  the  unit  circle  contour  of  Integration 
in  the  complex  z-plane.  For  this  calculation,  it  is  convenient 
to  express  Eq.  G-10  in  the  form 


W(z) 


(l-z~^)' 


(1-az  d-bz"^) 


(l-z)l__ 
(z-a)  (z-b) 


(G-12) 


where 


2-0-3  = a+b 


(G-13) 


and 


1-a  = ab 


(G-1^0 


G-4 


so  that 


1 

z 


1 

z ( z-a)  ( z-b  ) (1-az ) (1-bz)  (.Li-it); 

where  the  last  step  follows  from  multiplying  numerator  and  demoni- 
nator  by  z^.  The  poles  of  Eq.  G-15  are  0,  a,  b,  a~^,  and  b”^ 
However,  for  a stable  tracker,  | a|  <1  and  | b|  <1  so  that  the  only 
poles  inside  the  integration  contour  in  Eq.  G-11  are  0,  a,  and 
b.  The  contribution  of  these  three  poles  to  the  contour  inte- 
gral in  Eq.  G-11  are 

2^1+  (1-a)^ ^ _ (1-b)^ (G-16) 

^ a(a-b)(l-a^)(l-ab)  b(b-a)  (l-ab)  (1-b^) 

where  the  first,  second  and  third  terms  represent,  respectively, 
the  contributions  from  the  poles  at  0,  a,  and  b.  After  some 
manipulation  on  the  right-hand  side,  and  after  replacement  of 
the  left-hand  side  by  a /a^  (see  Eq.  G-9),  we  obtain 


(l-z)l(l-zV 


(z-a) (z-b) (z“^-a) (z~^-b) 


(1-z) 


W(z)W(z  ^)z"^  = 


= 1_  + b(l+b)(l-a)^  - a(l+a)(l-b)^ 
^2  ab  ab(a-b) (l+a) (1+b) (1-ab) 

°m 


(G-17) 


The  numerator  of  the  second  term  is  rewritten  as  follows: 

b(l+b)(l-a)3  - a(l+a)(l-b)^  = b(l+b) (1-a) (1-a)^ 

- a(l+a) (l-b) (1-b)^ 

= b[(l-ab)  - (a-b)](l-a)^  - a[(l-ab)  + (a-b)](l-b)^ 

= I'l-ab)  [b(l-a)^  - a(l-b)^]  - (a-b ) [b  (1-a)  ^ + a(l-b)^] 


G-5 


= (l-ab)[b+a^b  - a - ab^]  - (a-b ) [b ( 1-a) ^ + a(l-b)^] 

= (l-ab)[(b-a)  + ab(a-b)]  - (a-b) [b ( 1-a) ^ + a(l-b)^] 

= (a-b)[(l-ab) (ab-1)  - b(l-a)^  - a(l-b)^] 

= (a-b) [-(1-ab)^  - b + 2ab  - ba^  - a + 2ab  - ab^] 

= (a-b)C-(l-ab)^  -(a+b)  + 4ab  - ab(a+b)] 

= (a-b)[-a^  - (2-a-3)  + M(l-a)  - (l-a)(2-a-3)]  (G-l8) 


where  the  last  step  was  obtained  through  application  of  Eqs, 

G-13  and  G-lM.  Collecting  terms  on  the  right-hand  side  and 
substituting  into  the  numerator  of  the  second  term  on  the  right- 
hand  side  of  Eq.  G-17j  we  get,  after  cancellation  of  (a-b): 


= i_  + i_  -2a^  + 23  - gg 
g 2 ab  ab  (1+a) (l+b) (l-ab) 


(G-19) 


The  remaining  combination  of  a and  b are  expressed  in  terms  of 
Eqs.  G-13  and  G-l4;  and  in  particular 


(l+a)(l+b)  = 1 + (a+b)  + ab 


= l+  2-  a-  3 + l-  a 
= 4 - 2a  - 3 


(G-20) 


G-6 


so  that  Eq.  G-19  becomes 

0^  _ 1 1 -2a^  + 28  - ag 

^ 2 1-a  1-a  nr^2a^To 


^ - 2g^  - aB  - 2a^  + 26  - aB 

g( 1-g ) ( 4-2g-B ) 

= ^g  - ^g^  - 2gB  + 2B 
g(l-g) (4-2g-B) 


= ^g(l-g)  + 2B(l-g) 
g(l-g) (4-2g-B) 


= ^01  + '^3 

g(4-2g-B) 


(G-21) 


2 

In  view  of  the  definition  of  a given  by  the  first  part  of  Eq. 

G-9  we  have 

2 

The  variance,  Op  , of  the  predicted  range,  r^,  due  to  random 
measurement  errors  can  be  obtained  by  the  same  methods  (in  this 
evaluation,  the  bracketted  factor  in  Eq.  G-5  would  be  used  in 
place  of  W(z)  in  Eq.  G-11).  The  result  is 

-l]  “m'  '«-«> 

Equations  G-22  and  G-23  differ  only  by  because  the  error  in 
the  range  measurement  in  any  sample  is  Independent  of  the 
prediction  error  which  depends  only  on  prior  range  measurements. 

Both  Lqs.  G-22  and  G-23  can  be  minimized  with  respect  to 
g without  affecting  the  steady-state  acceleration  error  given 


G-7 


by  Eq.  G-8.  The  value  of  a minimizing  both  equations  (i.e., 
G-22  and  G-23)  is  the  same  and  is  obtained  by  the  usual  differ- 
entiation techniques.  The  optimum  a is 


%pt  = - I e 

Which  after  substitution  into  Eqs.  G-22  and  G-23  and  after  some 
manipulations,  yields: 


(r-r„) 


p ” ’ [1-  j 


= a for  a = a 


opt  (G-25) 


% ‘■“'•“•“opt 


Equations  G-26  and  G-8  exhibit  the  usual  behavior  of  tracking 
systems:  as  B 0 the  effective  smoothing  time  of  the  tracking 
loop  increases  to  infinity  and  the  prediction  error,  due  to 
random  measurement  errors,  approaches  zero  while  the  prediction 
error  component  due  to  any  acceleration,  approaches  infinity. 

The  range  measurement  error  Includes  contributions  from 
pulse  Jitter,  clock  quantization  errors  and  garble  induced  er- 
rors. The  pulse  Jitter  is  assumed  to  be  uniformly  distributed 
between  the  specified*  limits,  ±0.1  ysec,  while  the  clock  quanti- 
zation errors  are  uniformly  distributed  between  ±0.060^1  ysec, 
corresponding  to  a clock  period  of  8.276  MHz.  Consequently, 

error  without  garble  = ^ /(O.l)  + (0. 060^4)'^  x 4|92  ft/ysec 


= 33.2  ft 


(G-27) 


DOT/PAA  standard  for  ATCRBS. 


G-8 


Garble  brackets  occurring  within  the  range  window  ( + 2^10  ft)  will 
contribute  an  error  between  ±2^0  ft,  provided  that  the  garble 
amplitude  is  greater  than  that  of  the  signal;  otherwise,  the  er- 
ror contribution  is  assumed  to  be  zero.  Thus,  the  conditional 
variance  of  the  range  measurement  error,  given  a dominant  inter- 

P p 

ferlng  (within  range  window)  garble  bracket,  is  (2^0) ^/3  ft  . 

The  probability  of  one  or  more  interfering  and  dominant 
brackets  within  ±2^0  ft  is  represented  by 


in  which  B is  the  expected  number  of  dominating  interfering 
brackets.  It  is  assumed  that  the  interfering  bracket  is  equally 
likely  to  be  stronger  or  weaker  than  the  signal  so  that  B is 
simply  one-half  of  the  number  of  interfering  brackets  as  computed 
in  Eq.  C-l8  of  Appendix  C;  provided  that  N is  replaced  by  N-1 
to  account  for  the  fact  that  one  of  the  N overlapping  replies 
is  the  desired  reply  and  that  only  N-1  are  contributing  gar- 
ble. In  other  words; 


B = 0.488  Cl  - (0.877)^"^] 


N-1 

20.3 


(G-28) 


The  overall  range  measurement  error  variance,  a . becomes 

m ’ 


m 


= (33.2)2  ^ (2^ 


(Q-29) 


2 

where  (33.2)  is  the  variance,  given  no  dominant  interfering 

2 

garble  brackets,  and  240  /3  is  the  variance  given  that  the 

range  gate  was  hit  by  a strong  interfering  garble  bracket,  while 

— B 

e , and  1 - e are  the  probabilities  for  the  two  events. 


Substituting  Eq.  G-28  into  Eq.  G-29  we  obtain 


53.7 

ft 

N»3 

65.0 

ft 

N=4 

(0-30) 

75.4 

ft 

N=5 

G-9 


which,  when  substituted  Into  Eq.  G-25,  gives  the  variance,  o^, 
of  the  error  between  the  predicted  range  r^  and  the  measured 
range  r.  The  probability  density  function  of  this  error  is 
sketched  in  Fig.  G-1.  Thus,  to  the  extent  that  the  distribu- 
tion can  be  approximated  by  a Gaussian,  the  probability  of  los- 
ing a remge  measurement  (and  hence  the  complete  reply)  is  mini- 
mized by  maximizing  the  ratio 

p = 2j<0_-  (£T^/B)  . ^ [240-(gT2/6)](l  - | ) (G-3D 

m 

where  the  right-hand  side  is  obtained  with  the  help  of  Eq.  G-25. 
Equation  G-31  can  be  Interpreted  as  the  normalized  tracking 
margin.  This  is  the  difference  between  the  mean  tracking  error, 
gT  /6,  and  the  gate  edge,  at  2^0  ft,  normalized  by  the  one- 
sigma  tracking  error.  The  values  of  Eq.  G-31  as  a function  of 
B (with  g = 32  ft/sec^,  T = 1 sec)  are: 


B 

Eq.  G-31 

0.4 

109.4/0 

m 

0.5 

113.8/o„ 

m 

0.6 

ll4.4/o„ 

m 

0.7 

113.0/o„ 

m 

0.8 

110.6/o„ 

m 

Under  these  conditions  (l.e.,  g = 32  ft/sec^  and  T = 1 s^c), 

Bopt  “ 0-6  (G-32) 

is  the  optimum  choice  of  S,  which,  together  with  Eq.  0-2^4,  gives 


as  the  optimum  a. 


“opt  - Q.klkS 

The  corresponding  maximum  of  Eq. 


(G-33) 
G-31  is 


. 114.4  (ft) 

^max  o ( ft ) 
m 


(G-34a) 


G-10 


FIGURE  G-1.  Sketch  of  Density  Function  of  the  Difference  Between 
Measured  Range,  r,  and  Predicted  Range  r 


or  (by  using  Eq.  G-30) 


p 

max 


2.13 

1.76 

1.52 


for  N=3 
for 

for  N=5 


(G-3^b) 


The  corresponding  probabilities  that  the  reply  is  lost  (again, 
assuming  a Gaussian  distribution)  on  a given  interrogation,  is 


0.02  for  N=3 
0.0^4  for  N=4  (G-35) 

0.06  for  N=5 

If  the  acceleration  (0.5g  per  aircraft  as  specified  by 
ANTC-117)  persists  for  10  sec  there  will  be  essentially  five 
independent  reply  loss  opportunities  because  the  effective 
tracker  smoothing  time,  for  the  a-B  parameters  given  by  Eqs . 

G-32  and  G-33,  is  of  the  order  of  2 sec.  Under  these  conditions, 
the  probabilities  of  one  or  more  reply  losses  become: 


Probability  of  reply 
loss  per  interrogation  = 


Probability  of  one  or 
more  reply  losses  for 
10  sec  acceleration 


0.1  for  N=3 
0.2  for  N=4 
0.3  for  N=5 


(G-36) 


Given  a reply  less,  tie  track  is  coasted,  in  which  case  the 
tracker  prediction  errors  will  increase.  For  the  a-B  parameters 
given  by  Eqs.  G-32  and  G-33,  and  for  one  lost  reply,  both  the 
one-sigma  prediction  error  as  well  as  the  acceleration  lag 
error  will  each  increase  2.1  times  (this  can  be  demonstrated 
by  the  application  of  the  z-transform  methods  used  to  obtain 
Eqs.  G-8  and  G-22).  For  all  practical  purposes,  this  leads  to 
track  loss  if  the  trackir,^  gate  is  not  increased  after  the  first 
reply  loss. 


If  the  reply  loss 
range  gate)  is  doubled 


detected  and  if  the  range  window  (i.e., 
insure  track  reacquisition,  then, 


G-lk 


inevitably,  the  same  logic  would  be  operative  during  a false 
(i.e.,  phantom)  track.  The  result  is  an  increase  in  false 
track  survival  probability  and,  hence,  an  increase  in  the  false 
alarm  rates  computed  in  Appendix  C where  a constant  range  win- 
dow, ±240  ft,  was  employed. 

Another  factor  affecting  tracking  reliability  is  the 
tracker  response  in  the  presence  of  a crossing  aircraft  which, 
for  two  or  more  interrogations,  remains  within  the  range  window 
of  the  intruder  under  track.  If  the  crossing  aircraft  provides 
the  dominant  return,  the  probability  of  which  is  assumed  to  be 

0.5,  and  if  the  crossing  aircraft  range  is  within  the  gate  half- 
width, 240  ft  ( « one  half  the  pulse  width),  then  the  range 
measurements  will  be  determined  by  the  range  of  the  crossing 
aircraft.  The  resultant  tracker  response  is  obtained  as  follows: 

1.  Let  s denote  the  range  difference  between  the  crossing 
aircraft  and  the  reference  aircraft,  i.e.,  the  intruder 
under  track,  at  the  first  interrogation  that  the  crossing 
aircraft  falls  within  the  range  gate. 

2.  Let  6 denote  the  change  in  the  range  difference  (be- 
tween the  crossing  and  reference  aircraft)  between  suc- 
cessive interrogations.  Since  the  interrogations  are 
spaced  at  1 sec  intervals,  6 (ft)  is  also  the  range 
rate  difference  in  ft/sec. 

3.  Assume  that  before  the  crossing  aircraft  entered  the 
range  window,  the  a-B  tracker  had  a perfect  range  track 
on  the  nonaccelerating  intruder.  In  other  words,  the 
tracking  errors  examined  earlier  are  neglected,  and 
the  tracker  has  reached  a steady  state  where  the  track- 
ing error  is  zero  for  a nonaccelerating  intruder. 

4.  Because  of  (3),  the  basic  tracker  equations,  i.e.,  Eq . G-' , 
can  be  applied  directly  by  replacing  all  ranges  and  ran, 
rates  by  range  differences  and  range-rate  differences 
between  the  crossing  aircraft  and  the  reference  a'r  ■- 
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Thus,  In  view  of  (1),  (2),  (3),  and  (4),  the  tracker  Input  Is 
the  series  of  range  measurements:  s,  s+6,  s+26,  s+36 , . . .etc . , 

starting  with  the  first  reply  obtained  after  the  crossing  air- 
craft entered  the  range  window.  Consequently,  the  measurements 
consist  of  a "step"  function  of  amplitude,  s,  plus  a "ramp"  of 
slope  6.  The  z-transform  for  the  latter  Is 


-1 


(i-.-i)' 


which,  when  substituted  for  R on  the  rlght-hamd  side  of  Eq. 
G-6  gives  the  z-transform: 


1 - (2-a-e)z“^  + d-o)z"^  * 

of  the  tracker  response  to  the  "ramp".  Addition  of*  the  response 
from  the  "step" , to  be  completed  below,  gives  the  complete  tracker 
response  to  the  disturbance  from  a crossing  aircraft.  The  Inverse 
z-transform*  of  the  above  gives: 


response  to  , n , 

range  ramp  ■ 6 -Si 

° ^ h sin  q 


(G-37) 


where  n*  0,  1,  2,...,  denotes  the  reply  number  starting  with 
n=0  for  the  first  reply  from  the  crossing  aircraft.  Inside  the 
range  window;  and  where 


h * /1-d  ■ 0.7248 
-1  2-g-B 


cos 


50.33' 


(G-38) 

(0-39) 


2/T^ 

in  which  the  numerical  values  were  obtained  by  using  Eqs.  0-32 
and  G-33- 

1 

See,  for  example,  the  reference  cited  earlier  In  this  Appendix, 
: G-14 


I 


Z-transform  techniques  also  yield  the  response  to  the  "step": 


h sfn'q  sin(n+l)q  - h*^  sin  nq] 

which,  when  added  to  Eq.  G-37  and  after  rearrangement  of  terms, 
gives : 

tracker  . n 

response  = q Cs  h sin(n+l)q  - (s-6)sln  nq]  (G-40) 

If  the  closing  range  rate  (with  respect  to  the  Interrogator) 
of  the  crossing  aircraft  is  smaller  than  that  of  the  intruder  and 
if  the  magnitude  of  this  difference  is  less  than  2^0  ft/sec 
then: 

0 s 6 s 2^t0  ft  (G-4la) 

and 

-240  ft  s;  s St  -240  ft  + 6 ^ 0 (G-4lb) 

where  Eq.  G-4lb  simply  states  that  the  first  range  measurement 
on  the  crossing  aircraft  must  lie  somewhere  between  the  gate 
edge,  s » 240  ft,  and  6 (ft)  Inside  the  gate,  or  s = -240  + 6. 

Thus,  the  expected  value  of  s is 


average  s = -240  + (6/2) 


(0-42) 


f 


in  which  case,  Eq.  G-40  becomes 

Tracker  overshoot,  which  is  the  maximum  magnitude  of  Eq. 
G-43  (as  a function  of  n),  will  not  exceed  240  ft  (=  gate  half- 
width)  as  long  as  6 remains  less  than  155  ft.  Thus,  as  long 

G-15 


T 


i 


i 

i 

j 

i 


I 
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as  the  overshoot,  which  is  defined  relative  to  the  range  of  the 
crossing  aircraft,  remains  less  than  240  ft,  the  tracker  will 
be  pulled  off  by  the  crossing  aircraft  so  that 

Probability  of 

pull-off  by  a , „ x 

crossing  aircraft  = ^ Pr[6^155  ft]  for  0 s 6 i 240  ft  (G-44a) 

where  1/2  is  the  probability  that  the  reply  from  the  crossing  air- 
craft dominates  that  of  the  intruder. 

The  preceding  analysis  assumes  that  the  track  reverts  to  the 
legitimate  Intruder  as  soon  as  a single  reply  from  the  crossing 
aircraft  falls  outside  the  tracking  gate  (l.e.,  overshoot  ex- 
ceeds 240  ft).  For  this  reason,  the  analysis  underestimates 
the  pull-off  probability.  However,  the  result  does  provide  an 
approximate  pull-off  probability  when  the  time  that  the  cross- 
ing aircraft  remains  within  ±240  ft  of  the  intruder  is  compar- 
able to,  or  less  than,  the  tracker  settling  time  (to  be  discus- 
sed later  in  this  analysis). 

The  distribution  of  6 (ft),  appearing  in  the  above  relations, 
is  the  same  as  the  distribution  of  range-rate  differences,  in 
ft/sec.  Inasmuch  as  range  rates  can  be  approximated*  by  a trun- 
cated Gaussian,  with  a one-sigma  value  of  325  ft/sec,  the  dis- 
tribution of  range-rate  differences,  and  hence  6,  follows  an  ap- 
proximate Gaussian  with  a one-sigma  value  of  325  460  ft. 

Application  of  this  distribution  to  Eq.  G-44,  together  with  its 
symmetric  counterpart  for  negative  6 (for  crossing  aircraft  which 
overtake  the  intruder) , gives 

Probability  of 
pull-off  by  a 

crossing  aircraft  = 0.136  (G_il4b) 


1 

See  IDA  Study  S-424  "A  Review  and  Analysis  of  the  Honeywell 
Collision  Avoidance  System",  Vol.  II,  Appendix  K,  FAA-RD-73-151. 
II,  October  1973. 
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During  the  30  sec  interval  of  track  establishment,  the  in- 
truder range  is  expected  to  close  by  1.28  nmi,  corresponding 
to  an  expected  closing  rate  of  260  ft/sec.  Thus,  the  expected 
number  of  crossing  aircraft  encountered  by  the  intruder  during 
30  sec  is 


1.28  X = 0.780  (N-1)  (G-45) 

where  N is  the  number  of  overlapping  replies  (as  defined  in  Sec- 
tion IV-C),  or  the  number  of  aircraft  per  1.64  nmi  range  incre- 
ment, and  N-1  is  that  number  exclusive  of  the  intruder. 

Thus,  the  average  number  of  pull-off  events  is  the  product  of 
Eqs.  G-44b  and  G-45: 

Expected  number 

of  pull-offs  in  30  sec  = O.IO6  (N-1)  (G-46) 

The  Impact  of  a pull-off  depends  on  whether  or  not  the  event 
can  be  recognized  by  the  data  processing  logic  of  the  MCAS.  If 
the  pull-off  is  recognized,  then  the  tracking  gate  can  be  wid- 
ened in  an  attempt  to  reacquire  the  intruder.  Otherwise,  the 
Intruder  track  is  lost  and  30  sec  or  more  will  elapse  before 
the  track  can  be  reestablished. 

The  probability  that  the  pull-off  is  not  recognized  is  the 
probability  that  the  altitude  data  of  the  crossing  aircraft  will 
pass  the  reply  acceptance  criteria  embodied  in  Eqs.  C-I9,  C-20 
and  C-21  of  Appendix  C.  Evaluation  of  this  probability  follows 
the  methodology  employed  in  Appendix  C.  The  convenient  start- 
ing point  is  Tables  C-3  and  C-4  of  Appendix  C,  where  the  gar-  1 
ble  C-bit  sequences  are  replaced  by  the  legitimate  C-blt  sequen- 
ces that  would  be  used  by  the  crossing  aircraft.  These  are 
sequences  (b),  (d),  (e),  (f)  and  (g).  The  predicted  triplet 
used  for  the  intruder  in  any  one  of  the  five  sequences  identi- 
fied across  the  top  row  of  Table  C-4,  Appendix  C shows  that: 


f 
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(1) 

(2) 


Equation  C-19  of  Appendix  C has  no  Impact  Identifying 
a pull-off  event  because  the  sequence  (h)  wl^ll  never 
be  used  In  the  altitude  code;  and 

The  probability  that  the  reply  from  the  crosslrij^  air- 
craft is  not  rejected  by  Eq.  C-20  of  Appendix  C l>s. 


I for  TRl,  2,  4,  and  5 


1 for  TR3 

because  the  crossing  aircraft  Is  equally  likely  to 
transmit  any  one  of  the  sequences  (b),  (d),  (e),  (f) 
and  (g). 


Since  any  one  of  the  five  triplets  (Identified  across  the  top 
row  of  Table  C-4  in  Appendix  C)  Is  equally  likely  to  be  used  for 
intruder  tracking,  the  overall  probability  that  the  cross^g 
aircraft  is  not  rejected  by  the  logic  of  Eqs.  C-19  and  C-20,  of 
Appendix  C,  is  given  by 

i*4x4+i*l=  0.840  (Q-47) 

b b b 

Since  the  bulk  of  the  aircraft  population  is  below  15,000  ft, 
both  the  intruder  and  the  crossing  aircraft  will  transmit,  in 
addition  to  C-blts,  some  combination  of  the  five  bits:  A^^, 

B2,  (see  Fig.  2,  Section  III).  If  the  aircraft  are 
assumed  to  be  uniformly  distributed*  between  0 and  15,000  ft, 
then  the  probability  that  an  aircraft  transmits  a binary  "one" 
in  any  one  of  the  five  bit  positions  is 


0.5 


« 0 . 5, 


(G-47a) 

( 


Any  tendency  to  bunch  up  in  narrower  altitude  bands  can  be  shown 
(by  repeating  the  subsequent  analysis)  to  decrease  the  probability 
that  a pull-off  la  recognized. 


y 
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a result  which  follows  from  the  properties  of  the  altitude  code, 
and  the  assumed  altitude  distribution.  Thus,  if  x denotes  the 
number  of  binary  "ones”  of  the  Intruder  code  (among  the  A^, 

Bf,  bit  positions),  then  the  probability  that  the  cross- 

ing aircraft  has  at  least  one  binary  "one”  in  common  with  the 
Intruder  is 

1 - (1-0.5)*  * 1 - (0.5)*,  (0-48) 

a probability  which  is  conditioned  on  x.  The  distribution  of 
X is  a Binominal  distribution,  conditioned  on  the  fact  that 
X i 1,  in  other  words; 

c cl  (0.5)*  (l-0.5)^‘*  . 

l-(0.5)^  * 

When  Eq.  48  is  weighted  by  this  distribution  we  obtain  the  un- 
conditional probability  that  the  intruder  and  crossing  aircraft 
have  at  least  one  common  binary  "one"  among  the  A/B  bits: 

d-(0.5)*]  — r cl  (0.5)*(l-.05)^“*  = 0.7873  (G-48a) 

x=l  l-(0.5)^ 


i 

j 

i 

* 

i 

I 


i 
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The  efficacy  of  the  correlation  test  (Eq.  C-21  of  Appendix  \ 

: i 

C)  is  evaluated  in  a manner  similar  to  that  used  in  deriving  j 

Table  C-6  of  Appendix  C.  First,  the  C-bit  contribution  to  de- 
correlation is  obtained  from  Inspection  of  Table  C-4  of  Appendix  j 

C.  For  example,  when  the  triplet  TRl  is  used  for  predicting 
intruder  altitude  then  the  decorrelation  numbers,  for  unreJected 
legal  C-blt  sequences,  (b),  (d),  (f)  and  (g),  are  respectively:  |i 

0,  4/3,  1/3,  0.  Since  each  of  these  is  equally  likely,  given  i 
that  sequence  (e)  was  rejected,  (and  this  effect  was  accounted  i 

for  in  the  analysis  leading  up  to  Eq.  0-47)  the  expected  de-  ■ 

correlation  for  TRl  is 


J[0+|+|+0]=5| 
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similarly,  we  obtain  1/il,  2/15,  1/^,  and  5/12,  for  TR2,  3,  i|, 
and  5,  respectively.  Inasmuch  as  each  of  the  five  triplets  is 
equally  likely  to  be  used  for  prediction,  we  obtain: 


Average  decorrelation  ' j.  ^ i c 

contributed  by  C-blts  = + 0.2933  (G-49) 


Contributions  from  other  bits  (A2,  A^^,  B^,  B|^),  given 

at  least  one  common  binary  "one”  between  the  Intruder  and  cross- 
ing aircraft  (and  this  effect  was  accounted  for  in  the  analysis 
leading  up  to  Eq.  G-48),  are  obtained  as  follows: 

1.  Let  X denote  the  number  of  "ones”  in  the  prediction  so 
that  (5-x)  is  the  number  of  "zeros". 

2.  Given  x,  the  average  number  of  unexpected  "ones"  (as  de- 
fined below  Eq.  C-21  of  Appendix  C)  is 

(5-x)  X 0.5 

where  0.5  is,  approximately,  the  probability  that  the 
crossing  aircraft  has  a binary  "one”  in  a given  position 
(see  Eq.  G-^7a  and  related  discussion). 

3.  Similarly,  given  x,  the  average  number  of  unexpected 
"zeros"  is 


j 


0.5x  j 

! 

Using  (2)  and  (3),  the  decorrelation  number  (refer  to  Eq.  C-24 

of  Appendix  C)  becomes  . j 

(5-x)  X 0.5  + |•‘0.5  X = 2.5  - 4 X (G-50) 

which  is  a conditional  average  decorrelation,  the  condition 
being  that  there  are  x "ones"  among  the  A2,  A^,  B^,  B2,  and  B^ 
bits  of  the  Intruder  code.  Since  the  average  x is  approximately  * 

5/2,  the  average  value  of  Eq.  Q-50  gives:  i 

Average  decorrelation 

contributed  by  A/B  bits  » 1.67  (G-50a) 

G-20 


Using  Eqs.  G-49  and  G-50  in  Eq.  C-27  of  Appendix  C,  we  obtain 

• I Average  correlation  number  = 48  - 3 (1.67+0.29)  = 42.1  (G-51) 

Reference  to  Table  C-6  of  Appendix  C shows  that  this  value  is 
higher  than  the  avei“age  correlation  number  obtained  for  a legit 
Imate  lightweight  code  (containing  two  binary  "ones")  corrupted 
by  garble.  Since  the  correlation  threshold  must  be  low  enough 
to  insure  that  such  replies  are  not  lost,  the  expected  correla- 
tion number  between  an  intruder  and  a crossing  aircraft,  as 
calculated  by  Eq.  G-51,  will,  inadvertently,  end  up  above  the 
correlation  threshold.  Thus,  the  only  available  logic  for 
recognizing  a pull-off  is  that  discussed  in  connection  with 
Eqs.  G-47  and  G-48a  so  that 

Conditional  probability 

of  an  undetected  pull-off  = 0.840  x 0.7873  = 0.661,  (G-52) 

the  condition  being  that  a crossing  aircraft  with  a dominant 
signal  has  entered  the  intruder's  gate.  The  expected  number 
'of  undetected  pull-offs  is  the  product  of  (1)  probability  of 
pull-off  by  a crossing  aircraft,  as  given  by  Eq.  G-44b,  (2) 
expected  number,  given  by  Eq.  G-45,  of  crossing  aircraft  en- 
countered during  30  sec  (=  time  for  track  establishment);  and 
(3)  Eq.  G-52.  Hence, 

Expected  number  of 
undetected  pull-offs 

during  30  sec  = 0.0701  (N-l).  (G-53) 

Assuming  a Poisson  relation  between  the  mean  number  of  events 
and  the  probability  of  one  or  more  events,  we  obtain 

Probability  of  one  or  more 
undetected  pull-offs 
during  30  sec 


G.21 


/ 


1 - g-0.0701(N-l) 

'0.13  for  N=3 
0.19  for  N=4 
0.24  for  N=5  . 


(G-54) 
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These  probabilities  can  be  decreased  by  sacrificing  tracking 
performance  for  accelerating  aircraft  encounters.  For  example. 

If  3 is  reduced  to  0.05  and  a reduced  to  0.13^8  (one  of  several 
a-3  value  pairs  used  by  MITRE;  however,  no  final  choice  has  yet 
been  made)  then  the  tracker's  acceleration  lag  becomes  (refer 
to  Eq.  G-8)  640  ft  at  g = 32  ft/sec^  or  0.5g  per  aircraft  as 
specified  by  ANTC-117.  This  places  the  intruder's  reply  640 
ft  - 240  ft  = 400  ft  beyond  the  gate  edge  and  the  probability 
of  track  disruption  is  100  percent.  However,  the  undetected 
pull-off  probability  (without  acceleration)  by  a crossing  air- 
craft is  decreased  as  follows: 

(1)  For  a = 0.1348  and  3 = 0.05,  Eqs.  0-38  and  0-39  are  re- 
placed by  h = 0.9302  and  q = 12.645  deg. 

(2)  The  maximum  tracker  response,  Eq.  0-43,  will  not  ex- 
ceed 240  ft  as  long  as  6 ^ 61.1  ft.  Accordingly, 

Eq.  0-44a  is  replaced  by  0.5  Pr[6  ^ ol.l  ft]. 

(3)  Eq.  0-44b  is  replaced  by  0.053  so  that  Eq.  0-53  becomes 
0.027(N-1)  and  Eq.  0-5^  is  reduced  to 


Probability  of  one  or 
more  undetected  pull- 
offs  in  30  sec 


0.053  for  N=3 
0.078  for  N=4 
0.10  for  N=5  . 


(0-55) 


Further  analyses  did  not  reveal  any  a-3  pairs  which  could 
ensure  tracking  under  accelerating  encounters  while  maintaining 
a low  probability  of  undetected  pull-offs.  For  example,  if  3 _ 
is  set  equal  to  0.2  then  the  tracker's  acceleration  lag  (refer  _ 
to  Eq.  0-8  for  g = 32  ft/sec^  and  T = 1 sec)  is  160  ft  which 
places  the  intruder's  reply  at  240  - 160  = 80  ft  inside  the 
gate  edge  (refer  to  Fig.  0-1).  Under  these  conditions,  the 
probability  of  pull-off  decreases  as  a is  decreased  to  zero. 

At  a * 0 the  probability  of  pull-off  is  only  slightly  smaller 
than  that  given  by  Eq.  0-55,  namely:  0.046,  0.068,  and  0.087 

for  N=3,  4 and  5 respectively.  However,  as  a approaches  zero 
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while  3 is  held  constant,  the  range  estimation  and  prediction 
errors  approach  infinity  (refer  to  Eqs.  G-22  and  G-23)  which 
disrupts  tracking  with  or  without  acceleration.  Furthermore, 
the  envelope  of  the  tracker's  transient  response  is  of  the  form 
of  (refer  to  Eqs.  G-38  ajid  G-40) 

h^  = (/r:^)"  (g-56) 

which  means  that  as  a 0,  the  tracker  never  reaches  steady- 
state  tracking  conditions  before  n = 30  sec.  Thus,  even  if  3 
is  large  enough  for  steady-state  tracking  of  an  accelerating 
intruder,  a small  a could  still  prevent  tracking  at  the  onset 
of  the  aircraft  turn. 

In  general,  the  tracker  settling  time,  which  is  defined  as 
the  value  of  n where  Eq.  G-56  drops  to  e~^,  namely 

settling  time  = - (G-57) 

should  not  exceed  the  build-up  time  of  the  relative  accelera- 
tion between  interrogator  and  Intruder.  This  imposes  additional 
constraints  on  the  a-3  tracker  parameters  and,  hence,  on  the 
attainable  tracking  performance  in  terms  of  pull-offs.  The  im- 
plications of  this  constraint  are  explored  in  Table  1 showing 
the  computed  values  of: 

(1)  The  maximum  6 for  which  the  maximum  of  the  tracker 
response,  l.e.,  the  maximum  of  Eq.  G-43  as  a function 
of  n,  does  not  exceed  240  ft.  This  computation  also 
involves  Eqs.  G-38,  G-39>  expressing  h and  q in  terms 
of  a and  3,  as  well  as  Eq.  G-57  which  relates,  a,  to 
the  tracker  settling  time. 

(2)  The  one-sigrna  value,  a,  of  the  difference  between 

the  range  measurement  and  tracker  range  prediction 

as  given  by  Eq.  G-22.  The  value  of  a used  here  is 

m 

65  ft,  in  accordance  with  Eq.  G-30  for  N = 4. 
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TABLE  G-1. 


COMPUTED*  VALUES  OF  6 AND  a AS  A FUNCTION 
OF  TRACKER  SETTLING  TIME  AND  B 


Value  of  B 
and  resultant 
accelerations 
lag 

Tr 

4 

a = C 

■acker  se 

sec 

1.3935 

ittling  time  and  cor 
8 sec 

a = 0.2212 

responding  a 
16  sec 

1 a = 0.1175 

glBI 

o(tt) 

1 ^(ttj  J 

B = 0.1 
lag  = 320  ft 

IIIIIBI 

78.2 

91.0 

■■ 

65.1 

81.1 

B = 0.2 
laq  = 160  ft 

138.1 

83.9 

100.8 

85.5 

76.3 

93.7 

B = 0.4 
lag  = 80  ft 

150.0 

95.2 

! 

105.6 

100.9 

80.0 

116.5 

♦Computed  in  accordance  with  the  methods  outlined  below  Eq.  G-57. 


TABLE  G-2.  COMPUTED*  VALUES  OF  PROBABILITY  OF  RANGE  TRACK  DISRUPTION 
DUE  TO  ACCELERATION**  PER  INTERROGATION  (UPPER  LEFT-HAND 
CORNER  OF  EACH  ENTRY),  AND  OF  UNDETECTED  PULL-OFF  PROBABILITY 
(LOWER  RIGHT-HAND  CORNER)  IN  30  SEC,  AS  A FUNCTION  OF  a-B 
AND  TRACKER  SETTLING  TIME. 


B - values  and 

Tracker  settling  time  and  corresponding  a 

resultant  ac- 

4 sec 

8 sec 

16  sec 

celeration  lag 

a = 0.3935 

a = 0.2212 

a = 0.1175 

% 

% 

% 

B = 0.1 

w^gggfk 

lag  = 320  ft 

B = 0.2 

WBBk 

18 

mgBMk 

lag  = 160  ft 

wi^SKKm 

B = 0.4 

5 

6 

lag  = 80  ft 

^--^0  1 

.♦Computed  in  accordance  with  the  methods  outlined  below  Eq.  G-57. 

4r* 

0.5g  per  aircraft,  as  specified  by  ANTC-117. 
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(3) 


The  acceleration  lag  error,  as  given  by  Eq,  G-8  with 

2 

T = 1 sec  and  g = 32  ft/sec  (i.e,,  0,5g  per  turn- 
ing aircraft,  as  specified  by  ANTC-117).  These 
results  are  used  in  Table  G-2,  to  compute; 

1.  The  probability  of  range  track  disruption  due 
to  acceleration  in  accordance  with  Pig.  G-1. 

2.  The  probability  of  undetected  pull-off  by  a 
crossing  aircraft,  in  accordance  with  the  pro- 
cedure described  between  Eq.  G-43  and  G-5^. 

Table  G-2  shows  that  the  undetected  pull-off  probability 
decreases  for  decreasing  a-S  values  and  increasing  tracker  set- 
tling time.  However,  such  decreasing  values  create  serious 
problems  during  accelerating  encounters  when  the  smallest  a-& 
values  (i.e.,  a = 0.1175,  3 = 0.1),  and  hence  the  smallest  un- 
detected pull-off  probability  in  Table  G-2,  are  employed.  In 
order  to  gain  some  Insight  into  the  problem,  assume  that: 

1.  Only  one  of  the  two  aircraft  in  an  encounter  rolls 
into  an  0.5g  turn, 

2.  The  turn  is  maintained  for  12  sec  which  permits  a 200 
knot  aircraft  to  turn  only  33  deg,  and 

3.  Roll-In  and  roll-out  times  are  short  compared  to  the 
duration  of  the  turn. 

Because  of  the  tracker  settling  time,  16  sec,  is  long  compared 
to  the  roll-in  and  roll-out  times  of  the  Intruder,  the  tracker 
response  can  be  approximated  by  the  response  to  an  acceleration 
pulse  lasting  12  sec.  The  acceleration  pulse  is  equivalent  to 
two  acceleration  steps,  in  opposite  directions,  spaced  by  12  sec. 
Using  the  standard  z-transform  techniques,  similar  to  those  used 
in  deriving  Eq.  G-37,  we  obtain  the  response  to  a 12-sec  accel- 
eration pulse  as 


n=k 


z 

n=0 


h*^  sin  nq 
h sin  q 


for  k s 12  sec 
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for  k i 12  sec 


T 


„2  ^ sin  nq  ^2  3ln(n-12)q 

8 h sin  q ^ h sin  q 

where  g is  the  acceleration  and  T = 1 sec  is  the  time  between 
' samples.  The  results  are  tabulated  Table  G-3*  In  addition  to 
the  transient  response  error,  the  tracker  will  be  subjected  to 
random  errors  with  a one-sigma  value  of  8l.l  ft  (see  Table  G-1 
for  8 = 0.1  and  settling  time  = l6  sec).  Thus,  if  the  gate  is 
maintained  at  ±2^0  ft,  the  probability  of  track  loss  somewhere 
between  7 and  12  sec  (see  Table  G-3)  is  essentially  50  percent 
because  the  random  error  will  not  change  significantly  over  an 
Interval  which  is  short  compared  to  the  tracker’s  settling  time. 

TABLE  G-3.  TRACKING-ERROR  TRANSIENT 

Conditions:  8 = 0.1.  a = 0.1175  (settling  time  = 16  sec) 

2 

Intruder  acceleration  = 16  ft/sec 

2 

Interrogator  acceleration  = 0 ft/sec 

Duration  of  acceleration  = 12  sec 


TIME  , 

ERROR, 

TIME  , 

ERROR 

sec 

ft 

sec 

ft 

0 

0 

12 

218.4 

1 

16.0 

13 

181.8 

2 

44.5 

14 

131.3 

3 

81.2 

15 

73.7 

4 

121.5 

16 

15.4 

5 

160.9 

17 

-37.6 

6 

195.6 

18 

-80.6 

7 

222.6 

19 

-110.4 

k 

8 

240.2 

20 

-125.7 

9 

247.7 

21 

-126.7 

i 

10 

245.6 

22 

-114.9 

11 

235.1 

23 

- 92.9 

t 


i 


j 

ii 

I : 


■I 


I 


i 
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If,  upon  loss  of  a reply,  special  logic  is  included  to 
widen  the  gate,  then  the  track  loss  probability  could  be  de- 
creased. For  example,  if  the  gate  were  increased  from  its 
normal  size  of  480  ft  (i.e.,  ±240  ft)  to  600  ft,  and  if  the 
additional  120  ft  were  all  applied  in  the  direction  of  maximum 
tracking  error  expected  from  closing  accelerations,  then  the 
probability  that  the  247.7-ft  transient  error  (refer  to  Table 
G-3  for  time  = 9 sec)  plus  the  random  error,  (one  sigma  value  = 
8l.l  ft  as  indicated  earlier)  exceeds  the  increased  gate  limit 
at  240  ft  + 120  ft  = 360  ft  is  decreased  from  50  percent  to 
8.3  percent  (assuming  a Gaussian  distribution  for  the  random 
error) . Because  the  random  errors  are  nearly  perfectly  corre- 
lated for  time  intervals  small,  compared  to  the  tracker  settling 
time,  reply  losses  will  tend  to  bunch  up  over  three  to  four 
second  Intervals  during  which  time  the  intruder  will  pull  away 
from  the  tracker. 

If  both  aircraft  were  accelerating  at  0.5g,  then  the  track 
loss  probability  will  exceed  50  percent  in  spite  of  the  in- 
creased gate  size,  i.e.,  600  ft  Instead  of  480. 

Although  the  increased  gate  size  Improves  tracking  in 
accelerating  encounters,  any  logic  which  triggers  a gate  in- 
crease when  no  reply  is  received  within  the  normal  gate,  would 
also  trigger  almost  continuous  gate  Increases  during  a false 
track.  Under  such  conditions,  the  probability  of  false  track 
survival  is  Increased  and  the  effect,  corresponding  to  a 25  per- 
cent gate  increase  (from  48o  ft  to  600  ft),  is  equivalent  to  a 
25  percent  increase  in  aircraft  population.  Reference  to  Eq. 
C-44  of  Appendix  C shows  that  a 25  percent  population  increase, 
from  N=4  to  N=5,  will  Increase  the  false  track  survival  prob- 
ability by 

0 • } = 56.5  times  (G-58 

0.1276.10" 
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In  other  words,  the  alarm  rate  of  1.1  per  hour  (see  Table  4, 
Section  VI-C-1  of  the  main  text,  for  N ■ 4)  obtained  for  the 
normal  gate  size.  Increases  to  62  alarms  per  hour. 

In  summary,  two  mechanisms  for  range  track  disruption  have 
been  examined  in  this  appendix:  (1)  interrogator-intruder  re- 

lative acceleration?  encountered  during  turns  such  as  specified 
in  ANTC-117  (i.e.,  0.5g  per  aircraft);  and  (2)  track  pull-off 
by  a crossing  aircraft  whose  range  may  sweep  through  the  range 
window  of  the  Intruder  under  track.  In  the  first  instance, 
the  combined  errors  due  to  acceleration  lag  in  the  tracker,  the 
range  measurement  errors  due  to  garble,  pulse  Jitter  and  clock 
quantization,  may  place  the  extrapolated  range  wind&w  outside 
the  intruder  range.  In  the  second  instance,  the  range  track 
may  be  transferred.  Inadvertently,  to  a crossing  aircraft  whose 
reply  signal  is  stronger  than  that  of  the  Intruder  and  whose 
range  rate  is  close  enough  to  that  of  the  intruder.  Further- 
more, if  the  altitude  code  of  the  crossing  aircraft  is  not  re- 
jected by  the  data  processing  logic  then  the  pull-off  remains 
undetected  and  the  Intruder  track  is  lost.  Thus,  the  probability 
of  undetected  pull-off  during  30  sec  (needed  for  track  establish- 
ment) prior  to  alarm  is  a lower  bound*  on  the  probability  of 
false  dismissal  of  legitimate  threats. 

The  basic  limitations  of  MCAS  are  illustrated  by  three  de- 
sign-cases. In  each  case  the  aircraft  population  is  assumed  to 
produce  a reply  overlap  of  N=4.  This  means  that  49  aircraft 
can  be  within  20  nml  (^instrument  BOAS  range)  of  the  interro- 
gator, if  no  whisper-shout  is  employed,  or  195  aircraft  when  a 
four-fola  improvement  is  postulated  for  whisper-shout.  The  lat-, 
ter  is  still  below  the  412  aircraft  projected  by  PAA  for  the 
Los  Angeles  terminal  area  in  the  1980s.  The  specific  cases  are 
as  follows : 

1 

Undetected  pull-off  is  only  one  mechanism  producing  false 

dismissals . 
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Case  A.  This  case,  shown  in  Table  G-4,  illustrates  the 
performance  attainable  when  the  a-3  parameters  are  optimized  to 
minimize  the  probability  of  track  disruption  under  accelerating 
encounters.  This  probability  was  thus  reduced  to  a relatively 
low  4 percent,  but  the  probability  of  undetected  pull-off  turned 
out  to  be  a relatively  high  19  percent.  In  a qualitative  sense, 
the  result  is  not  unexpected;  the  range  rate  difference  between 
a crossing  aircraft  (with  a dominant  signal)  and  the  Intruder 
acts  as  an  apparent  accleratlon  of  the  intruder.  Consequently, 
a tracker  designed  to  follow  an  accelerating  intruder  will  also 
tend  to  follow  a dominant  crossing  aircraft. 

Case  B,  shown  in  Table “G-4,  Illustrates  the  problems  en- 
countered when  the  a-3  parameter  pairs  are  readjusted  to  de-  ^ 

crease  undetected  pull-offs  (results  for  other  pairs  are  shown 
in  Table  G-2).  In  this  case,  the  tracker  has  no  capability 
during  accelerations  of  the  0.5g  per  aircraft,  specified  by 
ANTC-117.  If,  on  the  other  hand,  the  acceleration  does  not 
exceed  0.2g  then  the  probability  of  track  loss  decreases  to 
50  percent. 

Case  C postulates  gate-size  control  logic,  which  upon  loss 
of  a reply  within  the  normal  gate  size,  480  ft,  increases  the 
gate  to  600  ft.  Furthermore,  the  additional  120  ft  are  all 
applied  in  the  direction  of  the  expected  tracking  error  for 
closing  accelerations.  Also,  the  a-6  parameters  used  in  Case  B 
were  modified  to  3 = 0.1  and  a = 0.1175  (corresponding  to  a 
tracker  settling  time  of  16  sec);  the  reasons  being  that  (1)  the 
Increased  gate  size,  from  480  to  600,  produced  no  significant 
Improvement  in  Case  B performance  during  accelerating  encounters^ 
and  (2)  the  change  in  a-3  parameters  together  with  the  Increased 
gate  size  produced  some  improvement  in  acceleration  tracking 
with  only  a slight  increase  in  pull-off  probability  from  7.8  per- 
cent to  8.3  percent.  The  resultant  track  loss  probabilities 
in  accelerating  encounters  were: 

G-29 


1 

1.  8.3  percent  when  only  one  aircraft  is  accelerating 
at  0.5g. 

2.  50  percent  or  more  when  both  aircraft  were  accelera- 
ting, depending  on  the  relative  time  and  buildup  of  ; 

acceleration. 

This  represents  a significant  Improvement  over  Case  B.  However, 
the  increased  gate-size  control  logic  used  in  Case  C Impacts 
the  false-alarm  rate.  Any  logic,  which  Increases  the  gate  size 
upon  loss  of  a reply,  or  replies,  is  also  operative  during  false 
tracks  and  Improves  the  false  track  survival  probability.  Where- 
as, a fixed  gate  size  of  480  ft  produced  a false-alarm  rate  of 
1.1  per  hour,  the  use  of  Inereased  gates,  although  limited  to 
600  ft,  produced  62  alarms  per  hour.  j 

TABLE  G-4.  TRACKER  PERFORMANCE  AS  A FUNCTION  OF 
a- 6 PARAMETERS,  USING  A ±240  FT  WINDOW 

Conditions:  (1)  Number  of  overlapping  replies  * 4 (^number  of 

aircraft  per  1.64  nml  range  Increment) 

(2)  Aircraft  population,  within  20  nml,  for  the 
above  Is  49  without  "whisper  shout",  and  195 
with  "whisper  shout". 

Case  A optimizes  a-B  parameters  to  minimize  track 
disruption  during  acceleration. 

Case  B sacrifices  performance  during  acceleration 
In  order  to  reduce  undetected  pull -off  probability 
(other  cases  are  shown  In  Table  G-2). 


Case  A 

Case  B 

Tracker  performance 

a <=  0.4746 

a"='0.1348 

6 = 0.6 

B = 0.05 

Probability  of  range  track 
disruption,  per  interroga?  . 
tion,  during  acceleration^®^ 

4*(') 

100%^^^ 

Probability  of  undetected 
pull -off  during  30  sec 

19%^^^ 

^ ^From  Eq.  G-35  and  related  analyses. 

12) 

' 'From  Eq.  G-54  and  related  analyses. 

(3) 

' 'From  analyses  preceding  Eq.  G-55. 

(4) 

' 'From  Eq.  G-55  and  related  analyses. 

^®^0.5  "gees"  per  aircraft,  as  specified  In  ANTC-117. 


Conclusions ; The  present  study  did  not  uncover  any  usable 
a-6  parameter  pair  which  can  ensure  reliable  tracking  In 
accelerating  encounters  (0.2  to  0.5  turn  g per  air- 
craft) without  a severe  penalty  In  false  dismissals  due  to 
undetected  track  pull-offs  during  non-accelerating  encoun- 
ters. Attempts  to  improve  tracking  In  accelerating  encoun- 
1 ters,  through  programmed  gate-size  Increases,  produced 

very  high  false-alarm  rates. 

» MITRE  Is  experimenting  (by  computer  simulation)  with  a num- 

ber of  a-0  parameter  pairs,  one  of  which  Is  represented  In  Case 
B In  the  preceding  discussion.  Furthermore,  some  form  of  pro- 
grammed gate  Increase  will  be  Included  In  BCAS  to  account  for 
range  error  buildup  during  track  coasts.  However,  the  exact 
logic  which  triggers  the  Increase  and  the  size  of  that  Increase 
Is  not  yet  clear.  In  any  case,  the  same  logic  would  be  opera- 
tive during  a false  track  and  would  therefore  Increase  its  sur- 
vival probability.  The  ultimate  effect  Is  an  Increase  in  the 
false  alarm  rates  above  the  values  computed  In  Appendix  C.  The 
latter  analysis  Is  based  on  a constant  range  gate,  ±2^*0  ft,  and 
consequently  provides  only  a lower  bound  on  the  false-alarm  rate. 


